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Abstract 
 
 
The magnesia carbon (MgO-C) refractory is a classical choice for the working lining of steel 
making furnaces because of slag corrosion and thermal shock resistance. However, the poor 
oxidation resistance of carbon beyond 900oC eventually damage the brick, and subsequent 
necessities of reinstallation enhance the cost of steel. Hence, minimization of carbon content 
without compromising of existence properties of MgO-C brick is one of the prime research 
areas. The present investigation aims to replace a part of the carbon (mostly graphite flakes) with 
graphite-SiC microcomposite (C/SiC). The latter non-oxide SiC is known to have excellent high 
temperature strength, better oxidation resistance, high abrasion resistance and moderate thermal 
conductivity. The basic objective of this dissertation is to carry out systematic laboratory and 
pilot industrial scale preparation of composites and understand the effect of microcomposites on 
MgO-C refractory properties. The micro-composite has been synthesised by a simple 
carbothermal reduction of microfine silica (SiO2) in presence of graphite flakes in the 
temperature range of 1600 - 1650oC under a reducing atmosphere created by packing the 
reactants within petroleum coke in raising hearth furnace (RHF)/ tunnel kiln (TK) or either 
controlled atmospheric furnace (CAF). It has been observed that two different morphologies of 
the SiC phase namely fibre/rod and ribbon developed based on the specific condition of 
synthesis. A different grade of MgO-C bricks has been prepared through the addition of a 
different percentage of synthesized graphite-SiC composites at an optimum processing condition 
and evaluated their physical, thermo-mechanical, oxidation and slag corrosion behaviour. An 
optimum content of SiC present in the synthesized graphite – SiC microcomposite exhibits better 
oxidation resistance, hot modulus of rupture and slag corrosion properties compared to the only 
graphite content brick or addition of equivalent amount of free commercial grade - SiC 
containing MgO-C brick.  
Keywords: Magnesia carbon refractory, Graphite-SiC micro-composite (C/SiC), - SiC 
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1.1. Introduction Overview 
Refractory materials are defined by the ASTM, are supposed to heat resistant and can 
be exposed to different degrees of mechanical and thermal stress and strain. Apart from this, 
they are also resistant towards corrosion /erosion from solid, liquid and gas diffusion, and 
mechanical abrasion at various temperatures [1]. These refractory materials are used in 
various high-temperature process applications like steel and iron making, cement industries, 
non-ferrous metal, cement, glass, chemical industries, etc. They are commonly used in high-
temperature furnaces, kilns, boilers, regenerators, etc. 
In general, refractories are chemically classified into three major groups; 
a) Acidic (Fireclay, Silica, Zircon, etc.) 
b) Basic (Magnetite, Dolomite, Magnesia-carbon, Magnesia-chrome, Alumina-
Magnesia-Carbon, etc.)  
c) Neutral (Alumina, Carbon, Silicon carbide, Mullite, etc.) [2].  
Iron and steel industries are the major consumers of refractories. The world steel 
association provided recent figures in 2013; the total crude steel production was 1607.2 
million tonnes (MT). China is currently the biggest steel producing country, which accounted 
for 48.5% of the world steel production in 2013. With the rapid rise in production, India has 
become a 4th largest producer of the crude steel and the maximal producer of sponge iron in 
the world in 2013.  India produced 81.2 MT crude steel production in 2013, and it is targeted 
to 300 million tonnes per annum capacity by 2025.  The 12th plan has projected that the crude 
steel capacity in the county is likely to be113.3 million tonnes by 2016-17. The national steel 
policy had set a production targeted to 130 million tonnes by 2019-20 if all requirements are 
effectively met. The proposed assessment expansion plans are implemented according to the 
schedule; India may become second largest crude steel producer in the world by 2020 [3]. In 
the recent years, the production of refractory has also increased to reach the growing demand 
for steel production. The capacity utilization, however, currently stands at around 11.5-12 
lakh tonnes per annum. Also, there has been an extraordinary change in refractory technology 
to fulfil the demand of high-quality steel production 
From the global stock, steel industries (75%), cement industries (12%), non-ferrous 
industries (5-6 %) and glass industries (3%) are the major consumers of refractories, which 
had been shown in the Figure 1.1. Refractories are mostly used (70%) in basic metal 
industries whereas iron and steel industries are the primary consumers of refractories. 
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Therefore, refractory production is in tuned with the demand of iron and steel industries. In 
steel making furnaces, particularly basic nature refractories are using because of the basic 
reaction takes place during steel making process [4].  
 
 
 
Figure 1.1: Consumption of refractory industry wise 
 
MgO–C refractories are particularly used in basic oxygen furnaces (BOF), electric arc 
furnaces (EAF) and steel ladles. These refractories have excellent slag resistance, good 
thermal shock resistance and high thermo-mechanical strength. MgO-C bricks dominates the 
slag zone in steel production for at least a decade as they possess superior  slag  penetration  
resistance (chemical corrosion resistance) and  excellent  thermal  shock  resistance  at  
elevated temperature because of the non-wetting properties of graphitic carbon. Since, carbon 
has low wettability and excellent thermal shock resistance at operating temperature. 
Therefore, the slag does not get wet and enhanced the MgO-C brick service life [5, 6]. In 
continuation of the steel production increment, both refractory manufacturers and users to 
resume interest in the further improvement of thermochemical and thermo-mechanical 
properties of MgO-C refractories [7]. 
Iron & Steel 
industries 
75%
Cement 
12%
Glass
3%
Non -Ferrous
6%
Others
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1.2. Features of MgO-C Brick 
Magnesia carbon (MgO-C) brick is a composite material. It is a combination of magnesia 
(MgO) and Carbon (C) and bonded with high carbon-containing pitch or resin with some 
metallic powder as anti-oxidants to protect the carbon. MgO-C bricks are made by using a 
high capacity press. These refractories exhibit excellent resistance slag corrosion and thermal 
shock resistance at operating temperatures. Magnesia carbon bricks (MgO-C) are widely used 
in steelmaking furnaces like basic oxygen furnaces, electric arc furnaces and steel ladles, 
etc.[1] 
The approximate operating temperature of the basic oxygen furnace is 1650oC-1700oC during 
steel making process. However, the BOF slag containing equal portions of CaO and Fe2O3. 
But, metallurgical phase diagram shows, the BOF slag containing 50wt.% of iron oxide at 
operating temperature. The molten slag is a universal solvent, so it can easily react with any 
oxide material except MgO and Cr2O3. This useful property of MgO and Cr2O3 is subject to 
beneficial for the use of slag zone applications in metallurgical converters. However, Cr2O3 
has lower melting point compare to MgO, and hence, MgO-C is the best choice for slag line 
refractories. Here, MgO-FeO phase diagram shows in Figure 1.2, where the MgO can tolerate 
without the formation of liquid phase when it is used in slag zone applications. 
 
Figure 1.2: MgO-FeO phase diagram [8] 
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The temperature lines in the MgO-FeO-Fe2O3 phase diagram shown in Figure 1.3 indicates 
the melting point of the MgO-C brick composition. Here, the phase diagram describes the 
behaviour of MgO-C brick when contacting with FeO and Fe2O3 containing slag. The MgO 
does not form liquid phase below 1600oC until the composition consumes more than 80% 
iron oxide. Because of this advantage, the MgO-C brick performs the better role in the slag 
lines. 
 
Figure 1.3: Schematic MgO-FeO-Fe2O3 phase diagram 
Moreover, MgO – FeO phase diagram depicts that, the maximum operating temperature of 
basic oxygen furnace can be extended up to 1800oC. Interestingly, the MgO-C refractory can 
withstand without forming any liquid phase up to 60wt% consumption of iron oxide into the 
brick structures. However, beyond 60wt% absorption, the iron oxide supposed to follow solid 
solution and subsequent liquid phase reaction [8]. 
 
MgO-C bricks have the following features [9]: 
 Poor wettability with molten slags and metal because of non-wetting nature property 
of carbon.  
 It can resist rubbing action of liquid metal. 
 It has high thermal shock resistance due to high thermal conductivity and low thermal 
expansion characteristics.  
 It has high refractoriness. 
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 The depth of the slag infiltration and permeability of gases during operation is low.  
 
  It will reduce the iron oxide (FeO) from the metallic iron during metal purification. 
   Without carbon CaO·FeO·SiO2 ------------- Eutectic ~ 1300°C 
         In presence of carbon CaO·SiO2 + Fe --------------Eutectic > 1650°C 
 It increased the lifetime of  metallurgical converters lining  
 It increases the viscosity of the slag. 
 
1.3. Limitations of Graphite 
The carbon has poor oxidation resistance as one of the drawbacks thus higher carbon content 
in MgO-C refractory tends to oxidize at higher temperatures. After the oxidation of carbon, 
the structure of magnesia–carbon brick is destroyed, and the slag can penetrate into the 
structure. Due to this problem the brick lining gets eroded and the brick loses its strength [4, 
5].  
 The Graphite based MgO-C brick has relatively low mechanical strength. In order to 
emphasize the mechanical response of MgO-C brick, we have highlighted different 
mechanical properties to compare without carbon containing MgO brick given in below 
Table 1.1.   
Table 1.1: Comparing mechanical Properties of MgO and MgO-C bricks [10, 11].    
Properties MgO Brick MgO-C  Brick 
CCS (MPa) 60 32 
RUL (taoC) 1720 --- 
MOR (MPa) 23 12 
 
 The higher carbon content magnesia carbon refractories lead to decrease quality of steel. 
In actual, several mechanisms are needed to encounter during BOF operation process 
like slag chemistry, temperature, oxygen blowing, charging Impact and converter 
motion. According to 1970's Zonal concept [12, 13], 15- 18 % carbon containing MgO-C 
bricks are using in slag zone area to minimize the slag penetration into the brick 
structure and to improve the lifetime of converter lining.  However, now a day's majority 
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of the steel plants are like to adopt 5-10% carbon containing MgO-C bricks for bottom 
zone and metal zone to improve the productivity of high-quality of steel [14]  
To overcome these drawbacks, several research works are going on to reduce the carbon 
content including MgO-C refractories life improvement. 
 
1.4. Application of the MgO-C brick 
1.4.1. Basic Oxygen Furnace (BOF) 
A typical top-blown basic oxygen furnace is a refractory lined vertical cylindrical vessel with 
a closed bottom and an open upper cone through which a water-cooled oxygen lance can be 
raised and lowered. The basic oxygen furnace (BOF) is a vessel used to convert pig iron, of 
about 94 percent iron and 6 percent combined impurities such as carbon, manganese, and 
silicon, is reduced to varying levels below 1% depending on the product specifications. The 
oxygen initiates a series of intensively exothermic (heat releasing) reactions, including the 
oxidation of such impurities as carbon, silicon, phosphorus, and manganese. The wear factors 
of the refractory lining are due to either the individual and combined effects of the following 
reasons [15, 16]. 
 
 
Figure 1.4: Different zones of basic oxygen atmospheric furnace (BOF) 
 
Upper Cone 
Scrap Impact 
Bottom Cone/Knuckle  
Purging plug/ Tuyere 
Bottom 
Slag Lines 
Mouth/ Lip ring 
Taphole 
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 Corrosion due to chemical attack of slag 
 Temperature 
 Oxidizing atmosphere 
 Impact and Abrasion 
 Mechanical damage during deskulling 
MgO-C refractory bricks are widely used in slag lines of BOF (Basic Oxygen Furnace) 
because of their superior slag-corrosion resistance. By using of MgO-C bricks, clean steel can 
be produced with a minor amount of refractory consumption [17]. 
Table 1.2: BOF area wear conditions and recommended materials [15] 
Area of 
application 
Wear Conditions Recommended refractories  
 
Cone 
Oxidizing atmosphere 
Mechanical abuse 
Thermo-mechanical stress 
High temperature 
Pitch-bonded magnesia brick Resin-bonded 
low-carbon refractories with anti-oxidants 
 
Trunnions 
Oxidizing atmosphere 
Slag corrosion 
Slag and metal erosion 
Premium-quality magnesia–graphite refractories 
containing fused MgO and anti-oxidants. 
 
Charge 
Pad 
Mechanical Abrasion from 
scrap and hot metal 
Pitch-impregnated burned magnesia brick 
Standard-quality, high-strength magnesia–
graphite refractories containing antioxidants. 
 
Tap Pad 
Slag erosion  
High temperature  
Mechanical erosion 
High-strength, low-graphite magnesia carbon 
brick with metallic additives. 
Turn-down 
slag lines 
Severe slag corrosion  
High temperature 
Magnesia- graphite bricks (premium quality) 
containing fused magnesia with antioxidants.  
 
Bottom 
Stadium 
Erosion by moving metal, 
slag and gases 
Thermo-mechanical stresses 
as a result of the expansion. 
High-strength standard-quality magnesia–
graphite refractories containing anti-oxidants. 
Magnesia–graphite refractories without metallic 
additives characterized by low thermal 
expansion and good thermal conductivity  
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1.4.2. Electric Arc Furnace (EAF) 
Electric arc furnaces (EAF) are used to produce molten steel from scrap steel. EAFs are used 
to produce carbon steels and alloy steels primarily by recycling ferrous scrap. Operation of 
electric arc furnace has traditionally involved refining of phosphorus, sulphur, aluminum, 
silicon, manganese and carbon from the steel [18]. 
 Long arc operation  
 Water cooled wall and roof panel  (withstand to TSR) 
 Foamy slags formation  
 Oxy-fuel burner  
 Inert gas removing  
 Eccentric bottom tapping  
The slag line area blows the water cooled panels are lined with refractories that are like 
to withstand slag and molten steel and resist the opening of brick joints and spalling. In 
ancient days, fusion cast magnesia chrome bricks and fired dolomite & magnesite bricks were 
used, but at present, magnesia carbon bricks are widely used. These bricks are particularly 
used in hot zones, furnace bottom zones and slag line applications. The current days, they 
have also used for the bottom blowing plugs, the sleeves of furnace bottom tap holes and 
furnace bottom [19]. 
 
Figure 1.5: Structure of Electric arc furnace (EAF) and their zones 
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1.4.3. Steel Ladle 
A steel ladle is a container with refractory lining for transporting molten steel tapped from the 
electric arc furnaces or converter up to the casting shop, reserving the steel during casting and 
occasionally during secondary refining of the steel. The below-mentioned factors are 
considered to be the most influencing objects in the lining life of steel ladles [20]: 
 Slag basicity and fluidity of molten steel 
 Long holding time with hot molten steel 
 Stirring action of molten steel 
 Thermal spalling from temperature. 
 Fluctuation & Ladle handling method  
 Ladle structural design & Tap conditions 
 Lining/repairing method, etc. 
The area mostly corroded in steel ladle is the slag zone. The reasons for corrosion are; a 
chemical reaction with metal & slag, erosion by stirring, oxidation at high temperature and 
thermal spalling due to temperature changes. At the earlier stage, mag-chrome brick was 
used, but it was not very successful in achieving higher life because these bricks corroded 
very fast with the high basicity of slags. Later on, magnesia carbon bricks were found as most 
suitable for the slag area, and performance was satisfactory, but to get higher life above 80 
heats with one repair [21, 22, 23]. 
 
Slag Zone  
(Mag-C bricks) 
Slag Zone 
Intermediate (MgO-C 
bricks), DBMC  
Metal Zone 
Bottom zone  
Figure 1.6: Structure of Steel ladle and their different zones. 
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The MgO-C refractories used in steel ladle lining is divided into several zones, including slag 
zone, slag intermediate zone, metal zone and bottom zone shown in Table 1.2  
Table 1.3: Zone of application of the MgO-C refractory in steel ladle.  
Steel Ladle 
zone 
Type of 
bricks used 
Basic slag 
resistance 
Abrasion 
resistance 
Spalling 
resistance 
Hot strength 
Slag Zone  
MgO-C 
Refractory 
Most 
important 
Moderate Most 
important 
Most 
important 
Metal Zone Moderate Moderate Important Important 
Bottom 
Zone 
Moderate Most 
important 
Important Most 
important 
 
MgO–C bricks considering that most important refractory materials applied in the 
ladles and basic oxygen furnace slag line. One of the crucial problem of slag attack during the 
operational process of such equipment is to adjust the liquid composition in order to attain 
dual saturation (with respect to CaO–MgO) or at least the MgO. The MgO content required 
for liquid saturation is a function of the slag basicity and temperature. The slag conditioning 
practice provides important benefits to the steel making processes, including ladle refractory 
life improvement, better control of metal recovery, lower flux cost/additions among other 
benefits with using of MgO-C bricks [24]. 
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2.1 Historical developments of MgO-C Refractories  
Carbon in any form plays a vital role in minimizing the penetration of steelmaking 
slags into the microstructure of magnesia carbon refractories. The addition of carbon in oxide 
refractory materials started since early 1950’s. Carbon, which is known to have very high 
thermal conductivity and non-wettable surface property, has been considered as an excellent 
additive to oxide refractories leading to significant improvement in thermal and chemical 
properties. It enhances the life of the refractory lining particularly in steel melting furnaces 
and ladles [1]. The carbon-containing refractories have been accepted for many different 
applications. At present MgO-C bricks are extensively used as an important lining material 
for basic oxygen furnaces (LD converters), electric arc furnaces (EAF) and also in ladle 
metallurgy for steel making and refining [2].  
Barthel et al. contrasted the wear in basic oxygen furnace test panels between burned 
magnesia brick and the same brick had been pitch-impregnated. Even though, the initial rate 
of wear was more in the carbon-free refractory and lesser in the case of pitch-impregnated 
magnesia brick. The main importance of carbon is minimizing the slag attack [3]. Another 
undesirable impurity found is boron oxide (B2O3). Researchers in the 1960s and 1970s found 
that one of the major dead-burned Grecian magnesite had a dramatic effect on the increased 
life of pitch-impregnation. The Burned MgO brick manufactured from this material was used 
in the impact pads of basic oxygen furnaces. Because, due to its inheriting low boron content 
that is less than 0.005 wt.% of MgO and 97% magnesia grain having lime to silica ratio of 2 
to 3 [4]. In 1980’s, development of resin bonded magnesia-graphite refractories with higher 
carbon content and also the addition of antioxidants to preserve the carbon content. [5]. The 
effect of binder type, as well as graphite and magnesia particle size distribution on the 
porosity of MgO-C refractory, was studied. The addition of various additives like metals, 
alloys, and inorganic compounds started to achieve better oxidation resistance, hot strength 
and corrosion resistance. These metals or metallic alloys (such as Al, Si, Mg, or Mg/Al alloy) 
function as antioxidants and improves the oxidation resistance [6, 7]. It was reported that Al 
in addition to Si metal containing samples had the best oxidation resistance and high 
temperature strength. Whereas, the Mg alloy containing samples had the maximum slag 
corrosion resistance and hydration resistance properties [8]. After 1980s silicon carbide 
(SiC), was used in manufacturing the initial magnesia-carbon refractories. Aluminium, 
magnesium, and silicon metals and their alloys quickly replaced this compound.  
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These materials are predominantly in use till today. Lately, some boron compounds, such as 
B4C, CaB6, ZrB2, and TiB2 have been introduced [9]. 
In recent, the effect of TiO2 and ZrO2 nanopowder together with Al as an antioxidant 
in the MgO-C system was studied, where thermal shock resistance is found to be improved. It 
attributed to the formation of dumbbell shaped Al4C3 whiskers in the carbonaceous matrix 
and the generation of a stress-induced surface due to the nano-scale dispersion of the oxide 
phase [10]. Magnesium aluminates spinel (MgAl2O4) possess unique properties, such as high 
melting point, high strength at elevated temperatures and excellent thermal shock resistance. 
Also, the spinel does not expand under alternating temperature and oxygen partial pressure 
conditions. Moreover, the use of the spinel with magnesia can lead to refractory products 
with improved impact strength and slag corrosion resistance. Finally, the formation of 
carcinogenic compounds in contact with calcium contaminants is not a problem with this raw 
material [11]. 
A study on nano carbon addition in MgO-C refractory shows that even a small 
amount can also reduce the overall carbon content without affecting the other properties. 
Nano carbon addition increases the oxidation resistance and the packing density as well as 
strength. The high thermal conductivity of graphite is caused by greater energy loss through 
MgO-C brick lining. In order to reduce the energy consumption due to loss of heat, it is 
preferred to have relatively low carbon content in MgO-C refractories [12]. However, this 
leads to less thermal shock resistance because of the formation of a glassy phase with poor 
mechanical properties, during carbonization of the phenolic resin binder. In recent years, the 
reduction of carbon content has been attempted through the addition of nanometer-sized 
carbon black, which leads to the formation of nanoporous MgO grains with reduced 
probability of catastrophic failure. It has been reported that only 1.5% nano carbon particles 
showed thermal spalling resistance equivalent to that of existing refractories containing 18% 
graphite [13, 14]. The addition of nanometer size carbon black results in a significant 
enhancement of hot modulus of rupture (HMOR) and cold crushing strength (CCS) [15, 16]. 
Synthesis of Al2O3-SiC composite is relatively cheap raw materials like kaolinite or 
pyrophyllite has been used for sometimes. Recently, this composite used as an additive to 
MgO-C refractory in order to reduce the carbon content and encouraging results were 
reported [17,18] 
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2.2. Corrosion mechanisms of MgO-C refractory 
In the steel making process, the MgO-C refractory lining directly contacts with the slag 
resulting different corrosion mechanisms takes place. Corrosion of carbon bonded 
refractories follows the following mechanisms. The open pores and microcracks the main 
channels for initial slag penetration into the refractory.   
 The formation of decarburized layer due to oxidation carbon by FeO in the slag or 
oxygen in the furnace atmosphere.  
 The slag infiltration into decarburized layer and erosion of the MgO grains by slag 
penetration aided by high temperature softening point intergranular silicate bond and 
reaction and dissolution of the MgO grain into slag and molten steel [19]. 
 The MgO grains reduction at high temperature (~1600oC) reaction with carbon, it 
causes further erosion. 
The magnesia carbon refractories contain MgO grains and carbon in the form of graphite and 
as well as various phases derived by addition of different antioxidants. The graphite makes a 
high wetting angle with slag, so it more difficult to penetrate into pores and cracks in the 
refractory, is shown in Figure 2.1. Once the carbon has gone out, the effect of wear on the 
grain phase of the corresponding magnesia. Diffusion of slag into the refractory material 
causes to change the physical properties [20]. 
 
Figure 2.1: Wear factors on MgO-C refractory in metallurgical converters [21] 
+ Carbon 
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The diffusion mechanism causes to infiltrating slag into the structures of refractory. The 
infiltrating depth was also affected by the temperature gradient in the brick. The temperature 
gradients cause, the viscosity of the slag to increase with increasing distance into the 
refractory matrix, thereby decreasing the infiltration depth will get a decrease. Here several 
reactions may occur and lead to the generation of vapor spices. The thermodynamic situation 
is thus rather complex and may vary depending on location in the brick.  Whether the hot face 
is being considered or the inside of the brick away from liquid penetration [22, 23].  
Magnesia carbon refractory slag penetration mechanisms are 
 Three consecutive steps govern dissolution at refractory interface: 
 Transport of reactants from the melt to the refractory interface.  
 Chemical reaction at the refractory interface. 
 Transportation of products from the refractory interface to the melt 
 Penetration is caused corrosion of the refractory wall due to its volume expansions 
and contractions between refractory and slag and then after the slag can easily 
penetrate into the brick structure. 
 Erosion is caused by the mechanical action of a fluid and velocity of gases that comes 
in contact with the refractory material. 
2.3. Raw materials for MgO-C refractory 
The raw materials are playing a vital role in the performance and life of the refractories. 
Several research works had been channeled out to find out the outcome of different raw 
materials based on purity, crystallite size, porosity and other parameters of various new 
materials along the final properties of MgO-C refractories. The main raw materials used for 
the preparation of MgO-C refractory are magnesia, graphite, antioxidants and binders like 
resin, powder resin and pitch. Details of the raw materials used in present work; described 
below [24, 25, 1]. 
2.3.1. Magnesia 
The Magnesia is the primary reinforcement material for the MgO-C brick, it contains around 
80-90 wt% of the total batch. Three different types of magnesia raw materials are used to 
produce MgO-C brick. 
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Fused magnesia produced by magnesia fusing in an electric furnace  
Seawater magnesia produced by magnesium hydroxide extracted from seawater and then 
after fired at high temperature  
Sintered magnesia produced from natural magnesite sintered at high temperature 
Various research reports have been put out on the effect of magnesia aggregates on the 
corrosion and abrasion resistance of MgO-C brick. The quality of magnesia grain has the 
most significant impression on the corrosion resistance. Magnesia grain contains various 
impurities (such as SiO2, Al2O3, Cr2O3, Fe2O3, FeO, B2O3 and CaO) which provide a silica 
bonding phase 
(i) Large periclase crystal grain to reduce the extent of grain boundary [26]. 
(ii) High ratio of CaO/SiO2 (>2) and small content of B2O3 [27, 28] 
(iii) High purity and minimum impurity of magnesia. 
 
2.3.2. Graphite 
The carbon source for MgO-C refractory from natural flake graphite which is available in 
nature, it plays a very vital role by providing non-wetting nature to the refractory. Carbon 
gets oxidized in the oxidizing atmosphere which  results in a porous structure with very poor 
strength. So, resistance to oxidation is very important as the carbon source. Again, due to the 
flaky nature, it imparts higher thermal conductivity and lower thermal expansion, resulting in 
very high thermal shock resistance. It has been reported that fine graphite particles are more 
effective to improve the corrosion resistance of refractory [29]. The Properties of MgO-C 
refractory like porosity, bulk specific gravity, and cold crushing strength are not affected 
significantly by the particle size of graphite. The strength of MgO-C brick, particularly 
during heat treatment has also been reduced by the bigger particle size of graphite. The Purity 
of graphite is also an important factor. The Impurities present in the graphite is reacting with 
MgO and form low melting phase, resulting in less corrosion resistance and also lower hot 
strength [30].  
Graphite role in MgO-C bricks: 
i. Graphite covers the pores in between magnesia grains and fills the porous brick 
structure. 
ii. The liquid penetration to the refractories is limited because of the non-wettable 
nature of carbon. 
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iii. Graphite increases the productivity of steel. 
iv. Graphite makes a high wetting angle with metallic slags on the grounds, so it 
prevents the slag penetration into the brick structure.  
v. At the service temperature, magnesium oxide is decomposed to pure magnesium 
by carbon and the gaseous magnesium comes to the brick surface and again 
oxidized with atmospheric oxygen to become magnesia. The formation of this 
dense layer of MgO and CO at the slag and brick interface prevents further 
penetration of oxygen into the brick [31].  
MgO +   C →   Mg +  CO ↑  …………….. (2.1) 
Mg  +   
1
2
O2 →   MgO …………………. (2.2) 
vi. Graphite addition improves the thermo-mechanical properties and spalling 
resistance of the brick because of its high thermal conductivity and low thermal 
expansion.  
vii. Slag containing Fe2O3 has higher corrosive action than that of containing FeO. 
Carbon reduces Fe2O3 to FeO, and further reduction of FeO produces metallic 
iron, enriches the production of steel.  
Fe2 O3 / FeO +  C → Fe + CO2 ↑ ………………… (2.3) 
 
 2.3.3. Binders 
The raw materials are added to the ceramic, mixed blends to hold the different aggregates and 
network particles together in a structure that can be taken care of with less breakage. A few 
bonds are temporary, intended for green strength to handle from presses after forming, while 
drying or curing, and stacking for firing in furnaces; other bonds have sufficient green 
strength to be handled after shaping and then develop additional strength after curing or 
tempering [32].  
The binders can be classified into following types;  
Inorganic binders: This group includes materials such as various clay minerals, including 
montmorillonites, soluble sulphates and sulphuric acid, sodium silicates, and calcium 
aluminate cement.  
Organic binders: This category includes materials such as pitches, resins, lignins and 
lignosulfonates, dextrins and starches, celluloses, waxes, and polyvinyl alcohol. The two 
major organic binders are pitch and resin. 
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In MgO-C refractory manufacturing process generally pitch or resins are used because of 
graphite has flaky morphology and non-wetting characteristics of low viscous binder, and 
hence it is obvious to add high viscous and strong adhesive binder say liquid resin to achieve 
high dense compact while pressing.  
In initial days, the pitch was used as a binder for MgO-C refractory. Pitches are derived from 
either coal or petroleum. But during operating conditions, pitch releases large amounts of 
volatile matters, it causes swelling of the brick [33, 1]. The volatile matter is very tox due to  
their high content of polycrystalline  aromatic compound (PAC) like benzo alpha-Pyrenes.  
The pitch bonded MgO-C mixtures were needed hot pressing.  So, the resin was found to be 
the best binder for MgO-C refractories due to this following property.  
 The ratio of fixed carbon is high; it maintains high strength on carbonization. Phenolic 
resins are the preferred binder for carbon-containing refractories  
 It gives high adhesion and green body strength  
 It is a thermosetting resin system whose strength on curing is high, and the size and 
stability of the resulting refractory component are good. 
 At  curing temperatures  (~  200oC)  resin  polymerizes, which  gives  isotropic 
interlocking structure 
 The harmful properties and industrial environmental issues are lower than those 
associated with the use of pitch binder. 
Two major thermosetting phenolic resins are used in the refractories industry, those are 
novolacs and resoles. Novolacs require the addition of hexamethylenetetramine for 
polymerization during curing but resoles contain a built-in catalyst. The resins feature 60 
wt% carbon contains volatile matter, but resol resin having 70 wt% carbon contains volatile 
matter. Only very mild elevated temperatures (~200 –300oC) are required to control over 
polymerization during production, so using resins saves energy over the use of pitches. 
Powder novalac resin can be used to overcome this type of difficulty. Compressibility during 
pressing improves with the increase in resin content and consequently the CCS of the 
tempered samples increase. The resol type resin is best as a binder among various resin types. 
Because of its moderate viscosity and lower content of volatile species the samples 
containing resol resin had the less porosity after heating at high temperature [6]. 
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2.3.4. Antioxidants 
The primary drawback of carbon-containing refractories was the oxidation of the carbon. The 
oxidations of carbon in MgO-C refractories happen in two ways. [4, 34, 35]. 
 (a)  Direct oxidation: the oxidation takes place below 1400oC and carbon is oxidized directly 
by atmospheric oxygen. 
(b) Indirect oxidation: the oxidation occurs above 1400oC and carbon is oxidized by the 
oxygen from MgO or slag. 
To prevent the oxidation of carbon in MgO-C refractory, the different non-oxide anti-
oxidants like metal powders (Al, Si) metallic alloys (Mg/Al) and non-oxide materials (SiC, 
B4C, etc.) are effectively used. However, the Al and Si anti-oxidants are mostly used in 
refractory industries because of low cost and high effective protection on the bulk refractory 
specimen [36].  
If there is no antioxidant in the MgO-C refractory, the life of the brick will be reduced due to 
loss of graphite through oxidation.  This reaction is given in (Eqn. 2.4).  But, the addition of 
an antioxidant like aluminium prevents the graphite loss by forming alumina (Eqn. 2.5) [37].   
2C(s) + O2(g) →  2CO(g) ………….. (2.4)  
∆Go =  −223426 − 175.30 (
j
mol
)       T < 932 °K 
 2Al (s) +
3
2
O2 (g) → Al2O3(s) ……… (2.5) 
∆Go =  −1675100 + 313.95 (
j
mol
)       T < 932 °K 
Oxidation of aluminium and carbon at a temperature less than 932 OK has shown in the above 
equations with standard molar free energy of reaction data.  With the addition of aluminium 
(antioxidant) reduces the graphite loss below the particular temperature.  This is due to the 
tendency of aluminium to react with oxygen to form alumina is more compared to the carbon 
to form carbon monoxide.  This is because of the variation in the standard molar Gibbs free 
energy for the formation of two oxides at the respective temperature and pressure.  
Thermodynamically, this can be explained by the following Figure 2.2. At every temperature, 
standard molar Gibbs free energy of reaction (ΔGº) for the formation of alumina (Al2O3) is 
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much less than the formation of CO. Thus, the reduction of oxidation carbon by alumina has 
negative standard free energy change (ΔGº) than CO because, where aluminium favoured 
forming alumina under the respective conditions. 
 
Figure 2.2: Standard molar gibbs free energies of alumina and carbon monoxide 
    In service condition, the Al metal powder melts at 660oC following that form a thin Al2O3 
layer that can hold the liquid aluminum for a while until the oxide layer breaks and release 
the molten aluminium [31, 37]. The Al reacts with C to form Al4C3 (Eqn. 2.7), then the Al4C3 
reacts with CO (carbon is oxidized by the air diffused into the brick) to form Al2O3 (Eqn. 
2.8), which further reacts with MgO to form MgAl2O4 (Eqn. 2.9). 
4 Al (s) + 3O2  (g)   →   2Al2O3  (s) ------ (2.6) 
4 Al (l) + 3C(s)   →   Al4C3  (s) ------- (2.7) 
Al4C3  (s) + 6CO (g)   →   2Al2O3  (s) + 9C(s) ------- (2.8) 
Al2O3  (s) + MgO (s)   →   MgAl2O4  (s) ------- (2.9) 
Al4C3  (s) + 12H2O (g)   →   3CH4  (g) + 4Al(OH)3(s) ------- (2.10) 
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In a similar way, Si metal reacts with carbon to form SiC at temperature > 1100oC.  Between 
1100oC and 1500oC Si reacts with CO and carbon deposition takes place (Eqn. 2.10 & 2.11) 
[31].  
Si (s) + CO (g) → SiO (g) + SiC (s) -------------- (2.11) 
SiC (s) + CO (g) → SiO2 (s) + 2C (s) -------------- (2.12) 
Above 1500oC, silica reacts with MgO and forsterite formation takes place (Eqn. 2.13) [38]. 
                               2MgO (s) + SiO2 (s) → 2MgO-SiO2 -------------- (2.13)    
The formation of Al4C3 and SiC opposes oxidation of the carbon. B4C reacts with the CO 
forms B2O3. The form B2O3 on reaction with MgO transforms to a liquid phase compound 
MgO.B2O3 [39]. The liquid phase boron compound comes to the refractory surface as a 
protective layer, thus preventing oxygen to comes in contact with the refractory material [40].  
2.4. Silicon carbide properties 
Silicon carbide is composed of tetrahedra of carbon and silicon atoms with strong covalent 
bonds in the crystal lattice. This produces a very hard and strong material. Silicon carbide is 
not attacked by any acids or alkalis or molten salts up to 800°C. In the air, SiC forms a 
protective silicon oxide coating at 1200°C, and it can be used up to 1600°C. The high thermal 
conductivity coupled with the low thermal expansion and high strength gives this material 
exceptional thermal shock resistant qualities. Silicon carbide ceramics with little or no grain 
boundary impurities maintain their strength at very high temperatures, approaching 1600°C 
with no strength loss [41]. 
 Silicon carbide is a structural material having low density. 
 It can sustain high temperature, excellent resistance to oxidation, wear and creep. 
  It has great strength and elastic modulus because high industrial applications. 
 Single-crystal Silicon carbide has a high dissociation temperature of about 2600oC. 
  It does not have any congruent melting point. At the dissociation temperature, it 
decomposes into graphite and molten silicon. 
 Excellent thermal shock resistance. 
 Superior chemical inertness 
 Low thermal expansion 
CHAPTER-2                                                                                                                 LITERATURE REVIEW  
 
 
 25  
 
Table 2.1: Comparison of the physical properties of graphite and SiC. 
Material  Properties Silicon carbide Graphite 
Density (gm/cc) 3.21 2.09 - 2.25 
Hardness (GPa) 28.0 1.5 
Oxidation Resistance (oC) 1000 600 
Elastic Modulus (GPa) 450 34 
Thermal Conductivity (W/moK) 120 400(II), 16(┴) 
Non-wettable nature low High 
The SiC has excellent hardness, elastic modulus and oxidation resistance, but moderate 
thermal conductivity when compared to graphite.  
2.5. Importance of SiC whiskers and rods in microcomposite 
The nano SiC whiskers (fibers) or rods are played a vital role to improve the material 
properties. Silicon carbide (SiC) whiskers have high mechanical strength, good thermal and 
chemical properties. They are used as a reinforcement material for high-strength, lightweight 
composite materials and damage-tolerant refractory ceramic–matrix composites [42, 43].  
Mechanical properties: It’s highly dependent on the orientation and volume fraction of 
fibers or rods. The silicon carbide (SiC) whiskers have given good reinforcement to the 
structure. So that, it has been extensively used several hi-tech applications because of their 
good mechanical properties like high tensile strength, high elastic modulus, excellent shock 
and degradation resistance [42].   
Thermal properties: They reduce the thermal conductivity, thermal shock failures chemical 
stability, etc. and its attracting attention in property improvements observed with the 
incorporation of SiC whiskers. These properties are very critical to apply as a flow channel 
insert as a low thermal conductivity is required to reduce the temperature losses adequately 
[43, 44].   
The ß-SiC whiskers are produced by different solid state reaction methods. Those are 
chemical vapor deposition (CVD) and carbothermal reduction reaction by using various 
starting materials.  
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2.6. Different synthesis routes for preparation of SiC  
2.6.1. Acheson process 
The charge usually consists of silica, finely ground petroleum coke and sawdust. The silica is 
normally added in the form of sand. The sawdust is added to create porosity, which is needed 
for the SiC crystals to grow [45]. In this process, the raw materials are mixed then fired in an 
Acheson graphite electric resistance furnace nearly 24 - 48 hours. In this process, a solid-state 
reaction between silica sand and petroleum coke at very high temperature (more than 
2500°C) leads to the formation of silicon carbide (SiC). Which is still used for the production 
of polycrystalline SiC. 
The below equation (Eqn. 2.14) shows the overall reaction in the Acheson process. The silica 
is either a solid or liquid, depending on the temperature at the time of reaction. As the 
temperature exceeds the melting point of silica is 1700oC, so the SiO2 melts, becoming glassy 
and highly viscous. 
SiO2(s, l) + 3C(s) → SiC(s) + 2CO(g)………………. (2.14) 
The reaction becomes thermodynamically favorable above 1500oC. As long as the 
temperature is below 1700oC the main product from this reaction will be β-SiC. If the 
temperature increases, there may formation of α-SiC [46]. 
2.6.2. Chemical vapor deposition (CVD) 
The SiC powders were prepared through the vapor-phase (CVD process) chemical reaction 
method by using gaseous mixtures [47]. In this process fine amorphous SiC powder 
synthesized particles are prepared with Silane (3 mole% SiH4 in H2) and propane (0.3 mole % 
C4H8 in H2) are used as sources of silicon and carbon respectively. Firing temperature ranges 
1100oC to 1600oC in air atmosphere. The mean particle size of the powder is approx. 0.1- 
0.2mm. 
The following reaction has taken place in the during reaction  
2SiH4 (g) + C2H2 (g) → 2SiC (s) + 5H2 (g)     -------------- (2.15) 
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2.6.3. Carbothermal reduction 
In recent, silica sol and sugar was used in the wide range molar ratio of 0.96 – 1.02 to prepare 
the SiC. The sugar dissolved solution was freeze dried and preheated at 800oC in flowing Ar 
gas to protect the furnace from hydrocarbon condensate liquids while conversion of sugar to 
the carbon at high temperature. Pre-treated mass further carbothermally reduced in the 
temperature range of 1550 to1800°C. Impurity carbon was removed by oxygen flow and 
obtained pure SiC in the presence of additional Fe powder [48].  
Yang Zhong et.al prepares silicon carbide nanopowders prepared by using silica fume and 
graphite. The materials were ball milled in a high energy ball mill to get a uniform mixture, 
which was then subjected to carbothermic reduction to get SiC nanopowders in a tube furnace 
at 1500oC. The particle size of the synthesized SiC was 30-60 nm. The excess carbon was 
eliminated by using H2 gas through the formation of methane (C + 2H2 = CH4) gas [49]. 
Furthermore, the SiC powder was prepared from silica sol and resin, where silica sol prepared 
from ethanol solution of TEOS, deionized water, saccharose and nitric acid. Silica sol was 
mixed with novolac phenol- formaldehyde resin as carbon resource, and converted to gel at 
65oC for 1-5hr, followed by vacuum drying at ~ 40-70oC for at least 36 hrs to increase the 
viscosity of dried gel. The dried gel was gently crushed and subjected to a carbothermal 
reduction in a high temperature furnace in an argon atmosphere. The β-SiC formation takes 
place at 1450 – 1500oC with a particle size of 70-430nm [50].  
2.6.4. Microwave heating process 
The phase pure submicron silicon carbide particles are formed within a short time of 
exposure to microwave heating. In this study, silicon powder and amorphous carbon were 
used as a starting material. First the material was ground for 6hrs with ethanol solution and 
grinding media. The synthesis experiments were carried out at 1300oC by microwave heating 
within a very short time of exposure 5-10 min. The reacted powders were calcined in an 
oxidizing atmosphere at 650oC/8hrs in order to remove excess carbon present in the powder 
mixture [51] 
 
 
 
 
CHAPTER-2                                                                                                                 LITERATURE REVIEW  
 
 
 28  
 
The drawbacks of the above processes are: 
1. The obtained SiC is contaminated with predominant impurity like carbon and followed 
multistep to achieve pure SiC phase in most of the processes. 
2. High temperature is required to complete the reaction process from several sources of 
precursors. 
3. An optimum amount of catalyst is essential for low-temperature conversion, which may 
persist as an impurity in the final product. 
The process mentioned above explains the necessity of multi-steps to achieve pure SiC starts 
from carbon and silica mixture. In this backdrop, we have motivated to prepare directly 
useful and economic graphite (carbon) – SiC composite including the different morphology 
of SiC, which is completely new and innovative approach to the proposed work. 
2.7. Role of the graphite-SiC microcomposite 
In this study, an attempt has been made to improve the properties by partial replacement of 
the graphite by silicon carbide (SiC). The material is thermally conducting and mechanically 
strong, at the same time it has less wettability. It may be possible to improve the thermo-
mechanical strength, as well as oxidation resistance. On comparing the physical properties of 
SiC and graphite, SiC has excellent hardness, elastic modulus and oxidation resistance but 
has a moderate thermal conductivity. So, the combination of these characteristic properties of 
SiC could be considered as a hopeful material to strengthen the MgO-C refractory and 
improve the thermo-mechanical properties. It is advantageous to take both SiC and graphite 
as they both have unique properties to satisfy the current problem by preparing graphite-SiC 
microcomposite. Also, of Graphite/SiC microcomposite on MgO-C refractories is supposed 
to be improved the properties like corrosion resistance and thermo-mechanical properties and 
oxidation resistance with the addition of partial amount. 
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2.8. Summary  
The brief literature survey shows that several research works regarding the improvement of 
properties and performance of MgO-C refractories are well documented. Among these, 
properties improvement by variation of raw materials are common, like 
 Purity, size and type of MgO grains (Fused MgO, dead burn MgO and seawater MgO, 
etc.) 
 Grade, quality & quantity and purity of the binders (pitch, resins, etc.) 
 With changing of anti-oxidants (Al, Mg and Si) 
 The addition of different types of non-oxide additives (SiC, Al4C3, B4C) 
In the consequence of above findings, still there is a scope for further improvement in the 
properties and appearance of magnesia carbon refractory due to the needful application for 
the production of high-quality steel. 
   Literature review depicts that, no attempts have been made to the development of MgO-C 
refractories by the addition of perform synthesized graphite/SiC microcomposite. The micro 
composite has a combination of graphite and SiC. Herein, the purpose of graphite/SiC 
microcomposite addition in MgO-C refractory is to improve the thermo-mechanical 
properties, as well as corrosion and oxidation resistance due to the superior properties of SiC. 
To take advantage of the superior properties of Graphite/SiC without alteration of unique 
properties of graphite, it has been decided to use the graphite/SiC microcomposite for partial 
replacement of graphite in the conventional MgO-C brick composition.  In this perspective, 
the research work of this current study has been discussed in two major sections: 
Part-I: Synthesis of the graphite/SiC microcomposite by using of microfine silica and flake 
graphite under different conditions. 
Part-II: Properties evaluation of the MgO-C brick with the addition of graphite/SiC micro-
composite by replacing a part of the graphite. 
a. Properties evolution under laboratory scale conditions  
b. Properties evolution under pilot plant (Tata Krosaki Refractories Limited, Belpahar, 
Odisha) investigations  
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2.9. Scope and Objective of Thesis 
The basic objective of the thesis work will be an attempt to reduce the carbon content in 
conventionally used MgO-C refractory composition by partial / full replacement of graphite 
by graphite/ SiC micro-composite. The investigation will be carried out in following steps: 
 To prepare graphite/SiC microcomposites through variation of precursor 
compositions, heating atmosphere and varying temperature with time.  
 To analyse the influence of processing conditions on the morphology and 
phase of the developed microcomposites. 
 To partial replacement of pure graphite by different grade of graphite/SiC 
microcomposites in equivalent to conventional MgO-C refractory brick 
composition. 
 To study the compaction mechanical, thermo-mechanical, oxidation resistance 
and slag corrosion behaviour of developed MgO-C refractory on the addition 
of synthesized graphite/SiC microcomposite.  
 To fabricate pilot scale production of MgO-C bricks from optimized 
compositions and evaluation of detailed properties with respect to the 
refractory application. 
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3.1. Raw materials for preparation of graphite/SiC microcomposite 
As noted earlier, this research work is focused on the provision of a graphite-silicon carbide 
micro-composite for possible use as an additive to MgO-C refractory as partial and full 
replacement of graphite.  
The graphite/SiC microcomposite has been synthesized using natural flake graphite (97FC and 
94FC) along with a microfine silica (average particle size 380nm and the average particle 
diameter 150nm) as the starting materials.The chemical compositions of natural flake graphite 
are tabulated in Table 3.1 
Table 3.1: Chemical composition of flake graphite (As received) 
Raw material Carbon (%) Volatile matter (%) Ash (%) 
Flake Graphite (97FC) 97.05 0.69 2.26 
Flake Graphite (94FC) 94.1 0.75 5.15 
 
Table 3.2: Chemical composition of microfine silica 
Raw material Silica (%) Carbon (%) Ash (%) 
Microfine Silica  90-97 0.69-2.7 2.26 -7 
 
3.2. Synthesis of Graphite/SiC micro-composite 
Graphite-silicon carbide microcomposite has been   prepared by a relatively simple process, 
namely the carbothermal reaction between natural flake graphite and a microfine silica. Here 
the graphite was sieved through 212-micron sieve (70 meshes), +212-micron fraction graphite 
was used for the preparation of graphite/SiC microcomposite. After that, different weight 
percentages of graphite and micro silica batches are prepared as mentioned in Table 3.3. 
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Table 3.3: Composition of microcomposite by varying amounts of graphite and microfine 
silica 
Composition 
Identification 
SiO2 content (Wt.%) Graphite content (Wt. %) 
A 10 90 
B 20 80 
C 30 70 
D 40 60 
E 50 50 
 
A homogeneous mixing of these compositions is carried separately. The mixed batches are 
filled in different alumina crucibles and then heat-treated in a reducing atmosphere at various 
temperatures (1600oC, 1650oC and 1700oC). 
In the present system, the microcomposites are prepared in two different atmospheric firing 
conditions those are mentioned below: 
1. The different batch of compositions is packed in different alumina crucibles and are 
placed inside another alumina crucible containing pet-coked bed that was assembled 
using alumina cement. The assembled crucible was heated in a conventional laboratory, 
raising hearth furnace (RHF-Okay) in air atmosphere. The sample heating rate during 
firing was 3oC/min and soaking time at the operating temperature is 4hours. Normal 
cooling is followed by soaking. 
 
2. The different batches were packed in different alumina crucibles and are placed inside 
a graphite lined controlled atmospheric furnace (CAF- Nabertherm, Germany) 
maintained by argon atmosphere. The furnace chamber is evacuated and filled with 
argon after placing the crucibles inside the chamber.  The heating rate and soaking time 
was kept at 8oC/min and 4hours at the operating temperature. The cooling rate is 
maintained at 10oC/min for this particular system.
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Table 3.4:  Synthesized conditions for preparation Graphite/SiC microcomposite 
 
Purity of 
Graphite 
 
Furnace 
Used 
 
Silica/ Graphite Ratio and Temperature of Heat-treated 
 
 
94FC 
 
 
RHF 
10/90 20/80 30/70 40/60 50/50 
 
1600oC 
 
1650oC 
 
 
 
1600oC 
 
1650oC 
 
 
 
1600oC 
 
1650oC 
 
 
 
1600oC 
 
1650oC 
 
 
 
1600oC 
 
1650oC 
 
 
 
 
CAF 
10/90 20/80 30/70 40/60 50/50 
 
1600oC 
 
1650oC 
 
1700oC 
 
1600oC 
 
1650oC 
 
1700oC 
 
1600oC 
 
1650oC 
 
1700oC 
 
1600oC 
 
1650oC 
 
1700oC 
 
1600oC 
 
1650oC 
 
1700oC 
 
 
 
97FC 
 
 
RHF 
10/90 20/80 30/70 40/60 50/50 
 
1600oC 
 
 
1650oC 
  
1600oC 
 
1650oC 
 
 
 
1600oC 
 
1650oC 
 
 
 
1600oC 
 
1650oC 
 
 
 
1600oC 
 
1650oC 
 
 
 
 
CAF 
10/90 20/80 30/70 40/60 50/50 
 
1600oC 
 
1650oC 
 
1700oC 
 
1600oC 
 
1650oC 
 
1700oC 
 
1600oC 
 
1650oC 
 
1700oC 
 
1600oC 
 
1650oC 
 
1700oC 
 
1600oC 
 
1650oC 
 
1700oC 
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Figure 3.1: Flow chart for the preparation of graphite/SiC microcomposite by natural flake 
graphite and microfine silica. 
 
Mixing  
Micro fine Silica 
Flake graphite/ 
Exfoliated graphite 
Firing at >1600° C petroleum coke 
atmosphere (RHF) / Controlled 
Graphite/SiC Micro-Composite with 
either fiber or ribbon or rod 
morphology 
Fill into crucibles  
Raw materials 
Mixing 
Filling Crucibles 
Packing 
Firing in RHF/CAF 
Microcomposite  Temperature ≥ 1600
oC/ 4hrs 
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3.3. Characterizations of microcomposite   
3.3.1. Phase analysis: 
Phase formation of sintered powdered samples was studied by Philips X-Ray diffractometer 
with Ni filtered Cu-Kα radiation (λ= 1.5418 Å). The phase analysis conducted by the Philips 
X’Pert High score software provided with the equipment. This technique gives some valuable 
information about crystal structure, the crystallinity of the material, crystallite size, chemical 
analysis, etc.  The voltage and current of the generator set at 35KV and 25mA respectively.  
The scan rate was 0.05o/Sec. A powdered sample was packed on a sample stage so that the 
X-ray can scan it. The diffracted X-rays get detected by an electronic detector placed on the 
other side of the sample. In order to get the diffracted beams, the sample has rotated through 
different Bragg’s angles. The goniometer keeps track of the angle (θ), and the detector records 
the detected X-rays in units of counts/sec, and it sends this information to the computer. After 
the sample scans, the X-ray intensity (counts/Sec) (Y axes) was plotted against the angle theta 
(2θ) (X-axes). The angle (2θ) for each diffraction peak was then converted to d-spacing, using 
the Bragg’s law. 
nλ = 2d Sinθ 
Where λ  =  Wavelength of x-ray 
n = order of diffraction. 
3.3.2. Microstructural analysis: 
The microstructural analysis is one of the important interpretation tools to study the surface 
property of microcomposite; which is prepared in RHF and CAF. The microcomposite 
prepared with different compositions at different firing temperatures /4hrs.  Study of the 
fractured surface of the MgO-C sample after firing in reducing the atmosphere at 1600oC/ 
4hrs. 
Morphological characteristics of the powders were carried out by using NOVA NANOSEM 
FEI 450 system. In Field Emission Scanning Electron Microscopy (FESEM), the source of 
electrons are liberated from a field emission source and accelerated in a high electrical field 
gradient. Within the high vacuum column, these so-called primary electrons are focussed and 
deflected by electronic lenses to produce a narrow scan beam that bombards the object. As a 
result, secondary electrons are emitted from each spot on the object. The velocity and angle 
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of these secondary electrons relate to the surface structure of the object. A detector catches 
the secondary electrons and produces an electronic signal. This signal is amplified and 
transformed into a video scan image that can be seen on a monitor or to a digital image. 
3.3.3. Packing Density: 
The Tap density is an increased bulk density attained after mechanically tapping a container 
containing the powder sample  
Tap Density = 
W
𝑉𝑓
 
  Where W = Weight of the material 
   Vf  = Volume of the material after taping 
3.3.4. Oxidation test:   
This test method covers the rate of oxidative weight loss per exposed nominal surface area. 
The test is valid in the temperature range where reaction kinetics limits the rate of air oxidation 
of graphite and manufactured carbon. 
This information is useful for discriminating between material grades with different impurity 
levels, grain size, pore structure, the degree of graphitization, or anti-oxidation treatments, or 
both. 
Physical measurements of the powder sample were taken before and after oxidation and also 
after calcining at 1000oC/ 1hr the material loss caused by oxidation.  
The rate of oxidation = Weight loss/ Initial weight × 100 
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3.4. Fabrication of MgO-C brick 
High purity fused magnesia (97FM) was chosen based on parameters like purity, CaO/SiO2 
ratio, low Fe2O3 content and having crystallite size in the range of 200μm-6mm. Natural flake 
graphite (94FC) with low ash content was used. A variation in silica to carbon ratio yields three 
different morphologies of Graphite-SiC microcomposite after firing which gives different 
amount of graphite and SiC. Resin (novalac type) is used as the binder and aluminium metal 
powder (150μ) as the anti-oxidant. The chemical composition of raw materials has been 
tabulated below. 
Table 3.5: Chemical composition of fused magnesia in (%) 
Raw materials Chemical composition 
MgO Al2O3 SiO2 CaO Fe2O3 Na2O 
Fused magnesia 97.10 0.06 0.50 1.40 0.50 0.50 
 
Table 3.6: Physical and chemical analysis of liquid resin 
Property Value 
Specific gravity at 25oC 
Viscosity (CPS) at 25oC 
Fixed carbon (%) 
Non-volatile matter (%) 
Moisture (%) 
1.2 
8500-9000 
47.90 
80.00 
~ 4.5 
 
Aluminium metal powder: Purity: 98 % 
Particle size: 100% passing through 150 mesh BSS 
50-75% passing through 300 mesh BSS 
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3.4.1. Fabrication of MgO-C samples with the addition of graphite/SiC micro-composite   
In order to investigate the effect of the graphite-SiC microcomposite on various properties of 
MgO-C refractory. The samples were prepared by replacing partial/fully the graphite with 
different amounts of the microcomposite keeping the concentration of the MgO phase 
unchanged. MgO-C refractory compositions were imitated under laboratory conditions by 
preparing specimens of MgO grains together with varying amounts of graphite flakes and 
graphite-SiC micro-composites (both with ribbon and fiber morphologies). Only finer grades 
of MgO used in order to facilitate sintering within the available temperature in the laboratory. 
For industrial investigations, standard size fractions are used. A specific amount of liquid resin 
used as the binder. A metallic aluminium powder used as the antioxidant. Exact batch 
compositions of the specimens are presented in Tables 3.7 respectively. But, the industrial 
investigations carried out by using the partial amount of replaced by graphite with 
microcomposite.  
Table 3.7: Different MgO-C batch compositions for laboratory investigations 
Raw materials Batch-1* Batch-2* Batch-3* Batch-4* Batch-5* Batch-6* 
MgO grains (0-1mm)                            28 26.5 25 28 26.5 25 
MgO Dust (~200µ) 66 62.5 59 66 62.5 59 
Graphite (94FC) 
5 10 15 0 0 0 
Liquid Resin  3 3 3 3 3 3 
Al metal powder 1 1 1 1 1 1 
Graphite-SiC micro 
composite 0 0 0 5 10 15 
Specimen Code MHG 
MHR (for Ribbon) / MHF (for 
fiber)  
* The above compositions are in weight percentages 
All the powders from different batch compositions were prepared by hot mixing at 60-70oC 
followed by grounding for 20 minutes. The powder mixture was pressed into pellets (12mm in 
dia. and 5-10mm in height). Pellets were tempered at 280oC/12hrs followed by coking/sintering 
at 1500oC, 1550oC and 1600oC/4hrs under a reducing atmosphere in the presence of petroleum 
  
45 
    
CHAPTER- 3                                                                                                       EXPERIMENTAL WORK 
coke. The compressive strength measurement was done in a universal testing machine (H10KS, 
Tinus Olsen, U.K). The samples dimension for strength measurement were 12.5mm in diameter 
and 10-12mm in height.  
3.4.2. Mixing: 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2: Schematic representation of MgO-C brick mixing process 
The Figure 3.2 shows mixing sequence of various raw materials during MgO-C brick 
preparation process. The purpose of mixing the raw materials is to make a refractory batch and 
transform all the solid components and the liquid additions into a macro homogeneous mixture. 
The homogeneous mixture can be subsequently moulded or shaped by one of the numerous 
fabrication methods employed by modern refractory manufacturers.  All the raw materials were 
thoroughly mixed using pan mixer at room temperature for nearly 45 minutes. 
 
Step-1 
MgO Course (4-6) mm 
+MgO medium (2-4) mm + 
Flake graphite 
MgO fines (500µ-1mm) + MgO dust          
(< 200 µ) + Al metal powder + 
Graphite/SiC micro composite + Resin 
powder 
Step-2 Liquid Resin Mixing 
5 min  
10 min  
Step-3 
MgO-C Composition 
mixture 
25 min  
Mixing 
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3.4.3. Aging: 
After homogeneously mixing of the materials, the batches were kept for 2 hours for aging. 
While aging the polymerization of the resin takes place by developing carbon-carbon bond. 
3.4.4. Pressing: 
The laboratory scale aged mixtures were used for preparing suitable batches. The sample 
dimensions were Ø 50 mm and 50 mm in height.  To achieve better-filled density and uniform 
levelling, the mixture was tapped slowly into the mould. Then the top punch was applied 
slowly. First, the pressing was done in a uniaxial hydraulic press (Carver, USA) with a pressure 
of 1800 kg/cm2. The holding time was 60 seconds, and then the pressure was released slowly 
and then the sample is demoulded. For industrial scale, the aged batches were pressed in a 
friction screw press (400T FSP, Tata Krosaki Refractories Limited) to form standard bricks of 
dimensions 220 mm × 110 mm × 75 mm. An appropriate weight of each mixture is taken so as 
to get the desired green density and the size of the brick. Kerosene is used to avoid the stickiness 
between the mould and the mixture. In order to avoid lamination in the pressed bricks, the 
mixtures were filled slowly into the mould cavity and levelled uniformly. 
3.4.5. Tempering: 
Tempering is the heat treatment process of the refractories at low temperature to remove the 
volatile matter from the organic green binders and to impart enough green strength. By this 
process, the chemical bond is developed in the refractory body. Phenolic resin is converted to a 
brittle solid mass called resist during the curing process (above 200° C.) and then with increasing 
the temperature it turns  to carbonaceous phase (residual carbon). The carbonization of resin is 
responsible for the final carbon binding and strength development in such bricks. However, 
certain drawbacks of residual carbon of phenolic resin cause limiting the applications of 
phenolic resin as a bonding agent.  The pressed samples were tempered at 200oC for 12-15 hours 
in a tempering kiln. 
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3.5. Characterization of Brick  
3.5.1. Apparent Porosity (AP) and Bulk Density (BD):  
Apparent porosity (AP) is a measure of the volume of the open pores, into which a liquid can 
penetrate, as a percentage of the total volume. In green refractory material the pores are all open 
and, fluids can pass through them. When these materials fired at a particular temperature, some 
liquid formation due to fusion takes place and, as a result, some pores will be sealed. The 
apparent porosity (AP) called as such takes the open pores and not the closed pores. (As per the 
standard of IS: 1528, Part-8, 1974). 
  Apparent porosity (AP) = 
W− D
W− S
 × 100  
The test specimen of dried at 110oC after wet cutting. First, the dry weight (D) has to be noted, 
after that the samples placed in an empty vacuum desiccator. After 30 minute evacuation, water 
is allowed to enter, and vacuum maintained for 20 minutes. 
This process is planned to fill up all voids present in the specimen with water. The suspended 
weight (S) and the soaked weight (W) were taken. 
Where,  
D- Dry weight of the specimen 
  W- The saturated weight of the sample immersed (soaked) in water or kerosene 
   S -The saturated weight of the soaked sample in the air. 
Bulk density (BD) of the material defined as the ratio of the mass of the sample to its bulk 
volume. The BD was calculated as per the standard of IS: 1528, Part -12 (1974). 
Bulk Density (BD) =   
𝐃
𝐖−𝐒
 × Density of the liquid (water or Kerosene). 
3.5.2. Cold Crushing Strength (CCS): 
The cold crushing strength(CCS) is the capability of a refractory to provide resistance to 
compressive load at room temperature or the material ability to resist the failure under 
compressive load at room temperature. 
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CCS=  
Load
Unit volume  
 (kg/cm2) 
The test specimen size (50mm×50mm×50mm) is taken and dried at 100°C. The cold crushing 
strength of the refractories is measured by placing a suitable refractory specimen in between 
two flat surface rams. Then after followed by application of the uniform load to it through a 
bearing block in a standard mechanical, hydraulic compression testing machine. The load at 
which crack appears in the brick represents the cold crushing strength of the specimen. The 
load is applied uniformly to the sample in the flat position. The applied is load expressed in 
terms of MPa. 
3.5.3. Hot modulus of rupture (HMOR): 
The hot modulus of rupture (HMOR) defined as refractory material ability to resist deformation 
under load at elevated temperature or over a range of temperature or the flexural breaking 
strength of a refractory at a chosen elevated temperature in air. 
It determines as per ASTM C133-7. The test conducted by three - point bending test using 
HMOR testing apparatus. For HMOR test, all the specimen sizes were maintained as 150 mm 
× 25 mm × 25 mm without pre-firing at air atmosphere.  The final temperature of HMOR was 
1400oC/30 min. with a heating rate of heating rate of 5oC/min. The test carried out in an air 
atmosphere with the loading rate of HMOR was 1.2-1.4 kg/s according to samples. 
The following formula calculated the HMOR value: 
HMOR = 
3𝑃×𝐿
2𝑏×𝑑2
  (kg/cm2) 
Where P = the maximum load required to break the specimen   
            L = the span length between the lower supporting points.  
  b = the breadth (cm). 
     d = the height of the specimen (cm). 
3.5.4. Slag corrosion test: 
Slag corrosion test by the static crucible test method conducted for the different MgO-C 
components carried out at 1600°C for 3h. The chemical composition and basicity of the slag 
composition are given in Table 3.8. The slag corroded samples were cut vertically by diamond 
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saw, and the depth of slag corroded area (visually distinguishable) were measured with vernier 
callipers.  
Table 3.8: Chemical composition of the synthetic slag.  
Tata Steels LD2 Slag composition (wt.%) 
CaO SiO2  Al2O3  MgO Fe2O3  CaO/Al2O3 CaO/SiO2 
54.90 9.11 31.10 3.50 0.99 1.76 6.02 
 
Preparation of synthetic slag: 
The above mentioned mineralogical composition data were collected from Tata Steels, LD2 
slag composition. The synthetic slag is prepared according to the above-mentioned composition 
with using of lime powder (CaCO3), fumed silica (SiO2), calcined alumina (Al2O3), MgO dust 
and Fe2O3 in the form of mill scale. In this section, the fine fraction of raw materials were used 
for the preparation of synthetic slag. Moreover, the mixtures were grounded in XRF grinding 
machine with tungsten grinding media, after that these slag powder sieved through 200 mesh 
to separate the coarse particles. 
 
Figure 3.3: Flow chart for preparation of synthetic slag 
 
Lime powder 
(CaCO3) 
Fume Silica 
(SiO2) 
MgO Dust Mill Scale 
(Fe2O3) 
Calcined Alumina 
(Al2O3) 
Grinding  
XRF grinding machine 
Sieving 
(200mesh) 
Synthetic Slag  
(-200 mesh) 
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3.5.5. Oxidation resistance test  
For oxidation resistance test, cylindrical samples (Height =50 mm, Diameter =50mm) were 
prepared by wet cutting from the tempered bricks and then dried at 100oC. These cylindrical 
samples were placed in an electrically heated furnace (heating rate of 5oC /min) under the 
ambient condition at 1400oC/5hrs. The furnace is then cooled down at the same rate of 5oC/min. 
Fired samples were horizontally cut into two pieces. 
 
Figure 3.4: Specimen used for oxidation test as per ASTM standards 
The remaining black surface was measured at eight different locations. The total diameter of 
the samples were also noted. The average value of oxidized area is given by, 
  Oxidation index = (Oxidized diameter (OD)/Total diameter (TD)) ×100  
 
 
 
 
 
 
Brick after Oxidization   
Oxidized Cross section cut 
 Surface of sample 
OD 
TD 
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SECTION – I 
 
Synthesis of Graphite-SiC Microcomposites from Natural 
Flake Graphite and Microfine Silica at different conditions 
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4.1. Structure and properties of raw materials used for preparation of 
microcomposite 
In this study, the raw material for microcomposite preparation namely natural flake graphite and a 
microfine silica has been examined briefly before using it for carbothermal reduction. The 
properties studied like phase, crystallinity, morphology; particle size and shape is investigated.  
 
4.1.1. Phase analysis & microstructure of graphite  
The XRD pattern of 94FC natural flake graphite has been presented in Figure 4.1. Two sharp 
crystalline peaks appeared at 2θ equals to 26.6172o (111) and 54.6855o (222), respectively. These 
peaks were well matched with JCPDS No. 75-2078, which represents the graphite phase with the 
rhombohedral crystal structure. Figure 4.2 represents the FESEM image of the natural flake 
graphite. The individual graphite flake appears like a wedge (Figure 4.2a) but high-resolution 
SEM at the cross section shows that it has the layer-like structure (Figure 4.2b). 
 
Figure 4.1: X-Ray diffraction pattern of natural flake graphite. 
 
 
Figure 4.2: Micrographs of natural flake graphite. 
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4.1.2. Phase analysis, microstructure & particle size distribution of the microfine silica  
The XRD pattern of the microfine silica is shown in Figure 4.3(a). It showed a broad peak of silica 
at 2θ=22o (JCPDS No. 29-0085) attributing to the amorphous nature of the silica raw material. It 
has also been observed to have some traces of tridymite as an impurity phase in the raw material. 
The micrographs of microfine silica showed Figure 4.3(b) spherically shaped particles. Particle 
size has also been analysed as presented in Figure 4.4. The average particle size of the microfine 
silica was 352nm. A narrow distribution of particles has been observed which shows particles 
were almost uniform in nature. 
 
Figure 4.3: Phase analysis and microstructure of the microfine silica 
 
Figure 4.4: Particle size distribution of the microfine silica. 
(b) (a) 
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4.2. Characterizations of graphite/SiC microcomposite under different 
conditions  
4.2.1. XRD Analysis 
The microcomposite (30:70) prepared by carbothermal reduction between microfine silica and 
graphite under different atmospheric conditions (CAF and RHF) at different temperatures 
[1600oC, 1650 oC and 1700oC] has been studied. The XRD pattern of 30/70 (microfine 
Silica/graphite) microcomposite, after firing at different temperatures has been shown in Figure 
4.5. It has been confirmed that all the samples after heat-treatment contain both graphite and β-SiC 
phases. However, the peaks are of different intensities indicating the quantitative variation of the 
phases. 
 
Figure 4.5: XRD patterns of the 30/70 [micro-fine silica/graphite (94FC)] microcomposite, 
prepared under different atmospheric conditions (CAF, RHF) at various temperatures 
 
The 40/60 (microfine silica/graphite) microcompositions have also been established with the 
similar processing conditions as 30/70 composition. The XRD pattern of 40/60 microcomposites 
has been shown in Figure 4.6 which showed that graphite and β-SiC phases are obtained 
irrespective of calcination temperature and atmosphere in either CAF or RHF. However, a distinct 
intensity variation along with different morphologies are noticed, which are discussed in Section 
4.2.2.  
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Figure 4.6: XRD patterns of the 40/60 [microfine silica/graphite (94FC)] micro-composite, 
prepared under different atmospheric conditions (CAF, RHF) at various temperatures 
Figure 4.7: XRD patterns of the 50/50 [microfine silica/graphite (94FC)] micro-composite, 
prepared under different atmospheric conditions (CAF, RHF) at various temperatures 
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The XRD patterns of 50/50 wt% [microfine silica/graphite] component after heat treated at 
various firing conditions and temperatures are shown in Figure 4.7. These samples contain 
graphite and SiC, but the sample fired at 1600oC contained a trace amount of unreacted silica in 
the form of cristobalite. The presence of other phases could be attributed to the tendency of 
incomplete reaction between the raw materials and presence of unreacted silica (upon addition of 
>40% silica content at lower temperature firing). However, detailed analysis of the XRD pattern 
from 2θ = 21-24o revealed the presence of unreacted silica in the form of cristobalite as shown in 
Figure 4.7. The phases obtained under different temperature has been tabulated in Table 4.1.    
Table 4.1. The phases present in a few selected micro-composites as a result of XRD analysis 
Composition Condition and 
Temperature 
Phases identified from X-ray diffraction 
pattern 
 
Microcomposite 
Prepared with  
(50/50) wt%   
(Microfine 
silica/graphite) 
CAF/17000C/4hrs Graphite, Silicon Carbide 
CAF/16500C/4hrs Graphite, Silicon Carbide 
CAF/16000C/4hrs Graphite, Silicon Carbide, Cristobalite 
RHF/16500C/4hrs Graphite, Silicon Carbide 
RHF/16000C/4hrs Graphite, Silicon Carbide, Cristobalite 
 
4.2.2. Morphology of the Micro-composite 
Detailed microstructural analysis by FESEM of most of the micro-composite samples 
synthesized under this investigation is presented in Figures 4.8 - 4.15. It is confirmed from these 
micrographs that two distinctly different morphologies namely (a) ribbon and (b) fibre /rod type β-
SiC are produced under various conditions of heat treatment and composition (silica to  graphite 
ratio). In general, higher the temperature more is the tendency of ribbon formation. On the other 
hand lower temperature and the higher silica content is fibre formation predominates. However, in 
many of the samples, both fibre and ribbons are normally present. Their relative amounts vary 
with the temperature and silica content. Another interesting feature of the microstructure is that the 
ribbons normally form on the outside surfaces of the graphite flakes strongly adhering to the flat 
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surface of the flakes while the fibres are preferably grown in interlamellar spaces of the flakes. 
Such spaces appear to act as reaction chambers for the following gas phase reaction to take place 
[1, 2]. 
SiO +  3CO  →   SiC +  2CO2   …………… (4.1) 
It is well-known that a gaseous phase like SiO is formed when SiO2 is heated to more than 1500oC 
under a reducing condition. The gas phase reaction mentioned above leads to the formation of SiC 
fibres within the interlamellar spaces of the graphite flakes. On the other hand, a gas-solid reaction 
on the surface of the graphite flakes such as the following one possibly leads to the formation of 
SiC ribbons, which gets adhered to the surface of the flakes. 
SiO +  2C →   SiC +  2C  ……………… (4.2) 
 It is also noted that the fibers are relatively large diameter (may be described as rods rather 
than fibres) when the heat-treatment is carried out inside the Controlled Atmosphere Furnace 
(CAF) with graphite heating elements than when the same composition is heated in a Raising 
Hearth Furnace (RHF). Impurity content of the graphite flakes, particularly Fe2O3 content also has 
an influence on the nature of the SiC rods formed, possibly due to a catalytic effect of the 
impurities. SiC rods are formed in larger quantities when an impure variety of the graphite (94FC) 
is used (compared to 97FC). Another interesting feature of the microstructure is that most of the 
rods are attached to a spherical ball at one of the ends. 
The SiC whiskers/fibres and rods were formed due the vapor-liquid-solid (VLS) process. Here the 
Fe2O3 impurity in the flake graphite is acting as a catalyst for the growth of whiskers and fibres. A 
catalyst droplet was formed on the tip of the all the rods in Figure 4.9c. Whiskers show smooth 
surfaces and no ramifications. They have a uniform diameter (500nm-1.25µm) and lengths 
between 50 to 300µm. When SiO gas transported through flake graphite structures, the impurity 
iron phase inside the graphite helped SiO generators for growth to take place through the vapor 
phase. The whisker growth rate depends on the presence of  Fe droplets of appropriate size and 
SiO available in great quantity [3, 4]. 
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1600oC/4hrs - 
30% SiO2 + 
70% Graphite 
(94FC) 
CAF 
(a) (b) (c) 
 
 
1600oC/4hrs - 
40% SiO2 + 
60% Graphite 
(94FC) 
CAF 
(a) (b) (c) 
 
1600oC/4hrs - 
50% SiO2 + 
50% Graphite 
(94FC) 
CAF 
(a) (b) (c) 
Figure 4.8: FESEM images of micro composite having 30/70, 40/60 and 50/50wt.%  of  SiO2/ graphite, fired at 1600oC/4hrs in CAF using 
94FC graphite (+212µ) flakes. Pictures at (a), (b) and (c) represent micrographs of the same specimen with increasing magnification 
60 
 
 
 
 
1650oC/4hrs - 
30% SiO2 + 
70% Graphite 
(94FC) 
CAF 
(a) (b) (c) 
 
1650oC/4hrs - 
40% SiO2 + 
60% Graphite 
(94FC) 
CAF 
(a) (b) (c) 
 
1650oC/4hrs - 
50% SiO2 + 
50% Graphite 
(94FC) 
CAF 
 
(a)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   (b) (c) 
Figure 4.9: FESEM images of micro composite having 30/70, 40/60 and 50/50wt% of SiO2/ graphite, fired at 1650oC/4hrs in CAF using 
94FC graphite (+212µ) flakes. Pictures at (a), (b) and (c) represent micrographs of the same specimen with increasing magnification. 
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40% SiO2 + 
60% Graphite 
(94FC) 
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1700oC/4hrs - 
50% SiO2 + 
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(a) (b) (c) 
Figure 4.10: FESEM images of micro composite having 30/70, 40/60 and 50/50wt.% of  SiO2/ graphite, fired at 1700oC/4hrs in CAF using  
94FC graphite (+212µ) flakes. Pictures at (a), (b) and (c) represent micrographs of the same specimen but with increasing magnification. 
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1600oC/4hrs - 
50% SiO2 + 
50% Graphite 
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(a) (b)  (c) 
Figure 4.11: FESEM images of micro composite having 30/70, 40/60 and 50/50wt.% of  SiO2/ graphite, fired at 1600oC/4hrs in CAF using  
97FC graphite (+212µ) flakes. Pictures at (a), (b) and (c) represent micrographs of the same specimen with increasing magnification. 
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1650oC/4hrs - 
30% SiO2 + 
70% Graphite 
(97FC) 
CAF 
(a) (b) (c)  
 
1650oC/4hrs - 
40% SiO2 + 
60% Graphite 
(97FC) 
CAF 
(a) (b) (c) 
 
1650oC/4hrs - 
50% SiO2 + 
50% Graphite 
(97FC) 
CA 
(a) (b) (c) 
Figure 4.12: FESEM images of micro composite having 30/70, 40/60 and 50/50wt.% of  SiO2/ graphite, fired at 1650oC/4hrs in CAF using  
97FC graphite (+212µ) flakes. Pictures at (a), (b) and (c) represent micrographs of the same specimen with increasing magnification. 
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1700oC/4hrs - 
30% SiO2 + 
70% Graphite 
(97FC) 
CAF 
(a) (b) (c) 
 
1700oC/4hrs - 
40% SiO2 + 
60% Graphite 
(97FC) 
CAF 
 (a) (b) (c) 
 
1700oC/4hrs - 
50% SiO2 + 
50% Graphite 
(97FC) 
CAF 
(a) (b) (c) 
Figure 4.13: FESEM images of micro composite having 30/70, 40/60 and 50/50wt.% of SiO2/ graphite, fired at 1700oC/4hrs in CAF using  
97FC graphite (+212µ) flakes. Pictures at (a), (b) and (c) represent micrographs of the same specimen with increasing magnification. 
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Figure 4.14: FESEM images of micro composite having 30/70, 40/60 and 50/50wt. % of SiO2/ graphite, fired at 1600oC/4hrs in RHF using 
94FC graphite (+212µ) flakes. Pictures at (a), (b) and (c) represent micrographs of the same specimen with increasing magnification. 
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Figure 4.15: FESEM images of micro composite having 30/70, 40/60 and 50/50wt. % of SiO2/graphite, fired at 1650oC/4hrs in RHF using 
94FC graphite (+212µ) flakes. Pictures at (a), (b) and (c) represent micrographs of the same specimen with increasing magnification. 
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Energy dispersive spectrometer (EDAX) 
 
 Figure 4.16: Energy dispersive spectrometer (EDS) of ball headed rod (a & b) and (c & d) elemental mapping of microcomposite. 
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The microstructure is shown in Figure 4.16 (a) & (b) the rods are attached to a spherical ball at 
one of the ends. EDAX analysis has confirmed that these are SiC balls but with a significant 
quantity of Fe and rod body contains SiC. This observation leads to a conclusion that Fe 
possibly acts as a catalyst for the growth of the SiC rods. The elemental mapping shows Figure 
4.16 (c) & (d) elements present in the microcomposite confirmed through colour marking [4].  
4.2.3. Tap Density 
The effect of the change in morphology of SiC with varying percentage of silica 
followed by heat treatment under different atmosphere can also be obtained through 
measurement of tap density of the synthesized micro-composite powder. It can observed that 
with an increment of fibre content, the composite powder becomes fluffier resulting in less tap 
density as presented in Figure 4.17.  
 
Figure 4.17: The variation in tap density of microcomposites by changing the amount of 
silica/graphite (94FC), after heat treated at different conditions. 
The above figure indicates that the tap density monotonically decreases with increasing 
silica content irrespective of the atmosphere of heat-treatment and furnace type used. The 
above result confirms the formation of more amount SiC fibre with increasing of silica to 
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graphite but with decreasing temperature. These observations compare well with the FESEM 
analysis presented earlier.  
For any specific silica content, with higher temperature, ribbon formation is more under 
a particular furnace atmosphere. It may also be noted that the effect of temperature is more 
significant in RHF than in CAF. This is possibly due to the fact that in CAF there is a tendency 
to formation of a rod-like morphology having larger diameter resulting in better packing 
compared to curled fibres formed under RHF conditions. 
4.2.4. Estimation of SiC content in the synthesized microcomposite 
In order to get an idea of the quantity of the SiC phase, the synthesized micro-
composite is heated under an oxidizing atmosphere in chamber furnace at temperature 
1000oC/1hr to oxidize the unreacted graphite present in the composite. Before carrying out the 
oxidation experiments with the composite, pure graphite samples having two different purity 
(94FC and 97FC) has been heated to the same temperature under identical length of time to 
ensure complete oxidation and to determine the ash content in each case. Results of this initial 
experiments are presented in Figure 4.18. After oxidation, only 2.5 wt% residue is obtained for 
pure variety 97FC graphite whereas 4 wt% ash content is observed in 94FC impure graphite.  
 
 
Figure 4.18: Residue (ash) of two different grades of graphite retained after oxidized at 
10000C/1hr.  
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The mineralogical constituents of the residual ashes collected are determined by XRD 
measurement and presented in Figure 4.19. It is observed that both the samples contain oxide 
phases like cristobalite (SiO2), Al2O3, Fe2O3 and FeSiO3 in addition to a small amount of 
unoxidized graphite. As expected, the quantities and the peak intensities of all the oxidized 
phases are relatively smaller in the purer variety of the graphite (97FC).  
 
Figure 4.19:  XRD patterns of the residue (ash) obtained by oxidation of 97FC & 94FC 
graphite. 
 
The determination of the SiC content in the synthesized micro-composite is investigated 
by oxidizing the graphite component of the micro-composite. The remaining material after the 
heat-treatment is assumed to be the SiC content in the micro-composite. Also, a supportive 
XRD pattern is also provided in Figure 4.20 to understand the formation of SiC during this 
process. 
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The SiC content of all composites prepared under different conditions is plotted against 
silica content of the original mixture heat-treated at various temperatures. The results are 
presented in Figure 4.21(a) & (b) for 94FC & 97FC graphite. It is interesting to note that 
irrespective of heat treatment conditions like temperature (>16000C), purity of the graphite 
(94FC or 97FC) and the type of the furnace (RHF or CAF), the quantity of SiC formed is 
primarily depend on the percentage of silica addition during microcomposite preparation. At 
10% silica addition, SiC content is slight below 10% and this value increases almost linearly 
with increasing silica content, finally reaching a value of around 60% when the silica content is 
increased up to 50%. 
The microcomposite powder was characterized by XRD (JCPDS-74-2307) analysis, 
which confirmed the formation of -SiC. The Si-C phase diagram reports that the β-SiC phase 
formation is thermodynamically favourable at 1500oC < β-SiC > 2000oC.  As the temperature 
increases beyond 2000oC, there is a possibility to α-SiC phase predominates [5].  
Figure 4.20: XRD pattern of microcomposite after oxidized at 1000oC/1hr. 
- SiC- (JCPDS-74-2307) 
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Figure 4.21(a): Estimation of SiC present in microcomposite (94FC) after heat treated at 
1000oC/1hr (Composite prepared by variation in temperature). 
Figure 4.21(b): Estimation of SiC present in microcomposite (97FC) after heat-treated at 
1000oC/1hr (Composite prepared by variation in time) 
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4.2.5. Oxidation behaviour of microcomposite 
The effect of temperature on microcomposite formation is more distinctly observed by 
plotting the percentage of SiC formed against temperature for a fixed amount of silica content 
of the composite as shown in Figure 4.22. It observed that the amount of SiC formed, increases 
up to a temperature of 1650oC and after that remains constant. In the below figure, the data for 
50/50 SiO2/Graphite has been presented. However, a similar trend is observed for all the 
compositions investigated irrespective of the type of the furnace used. 
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Figure 4.22: Estimation of SiC present in microcomposite after heat-treatment at 1000oC/1hr. 
(Composite prepared at different temperature with equal composition)    
Holding Time: 4hrs 
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Table 4.2: Characteristics of the graphite/SiC microcomposite prepared under different conditions 
 
Phases: C - Graphite, S - Silicon carbide, Cy – Cristobalite   
Morphology: GSR - Graphite-SiCrod, GSF - Graphite-SiCfiber, GSI - Graphite-SiCribbon 
  
Type of 
Graphite 
  
Atmosphere  
  
Properties 
studied 
Temperature and materials ratio (Graphite /silica) 
10/90 20/80 30/70 40/60 50/50 
1600
o
C 1650
o
C 1700
o
C 1600
o
C 1650
o
C 1700
o
C 1600
o
C 1650
o
C 1700
o
C 1600
o
C 1650
o
C 1700
o
C 1600
o
C 1650
o
C 1700
o
C 
  
  
  
  
  
94FC 
  
  
CAF 
Tap density 0.62 0.54 0.55 0.60 0.50 0.53 0.54 0.45 0.5 0.52 0.44 0.46 0.52 0.42 0.44 
Phases   C, S   C, S   C, S   C, S   C, S C, S  C, S C, S C, S C, S, Cy C, S C, S C, S, Cy C, S C, S 
Morphology GSI  GSI GSI GSI  GSI GSI GSI  GSI GSI GSI  GSR GSR GSR GSR GSR 
SiC retained after 
calcination (wt %) 
6.45 6.57 8.11 17.0 18.27 16.28 28.60 25.95 27.0 41.63 41.27 40.12 55.22 60.07 59.64 
  
  
RHF 
Tap density 0.57 0.62   0.496 0.59   0.416 0.540   0.4 0.513   0.370 0.5   
Phases C, S C, S   C, S C, S   C, S C, S   C, S C, S   C, S, Cy C, S   
Morphology GSI GSI   GSI GSI   GSI GSI   GSI GSI   GSF GSF   
SiC retained after 
calcination (wt %) 
7.96 6.67   19.23 18.56   32.43 39.55   48.34 48.41   67.39 63.45   
  
  
  
  
  
97FC  
  
  
  
CAF 
Tap density 0.652 0.638 0.682 0.625 0.625 0.652 0.612 0.577 0.6 0.577 0.555 0.578 0.566 0.517 0.545 
Phases C, S C, S C, S C, S C, S C, S C, S C, S C, S C, S, Cy C, S C, S C, S, Cy C, S C, S 
Morphology GSI GSI GSI GSI GSI GSI GSI GSI GSI GSI GSI GSI  
  
GSI GSI&  
GSR 
GSI&  
GSR 
SiC retained after 
calcination (wt %) 
7.81 7.95 6.423 16.14 18.430 17.134 30.22 28.58 27.463 43.27 43.595 42.756 61.05 63.10 62.572 
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Conclusion  
Based on the experiments carried out so far, both in the laboratory at NIT, Rourkela and also 
by the industrial partner (TRL-Krosaki Refractories Ltd), following conclusions are drawn. 
 Graphite/β-SiC microcomposite can be synthesized either in a raising hearth furnace in 
which a reducing atmosphere is maintained by packing the samples inside a pet-coke 
bed.  (Or) In a controlled atmosphere furnace with graphite heating elements. (Or) In a 
tunnel kiln by maintaining reducing atmosphere by the use of pet coke as in the first 
case. 
 A minimum heat-treatment temperature of 1600oC is necessary for the completion of 
the reaction. Morphology of the SiC phase differs significantly depending on the 
temperature of heat-treatment, composition (silica/ graphite ratio) and also the type of 
furnace. With pet-coke packing, lower silica content and higher temperature give ribbon 
type morphology adhering strongly to the surface of the graphite flakes. Higher silica 
content and lower temperature favor the formation of free-standing SiC fibres/rods 
typically within the interlamellar spacing of flakes. 
 Heat-treatment inside a graphite furnace with argon atmosphere give rise to the 
formation of “nail” type SiC rods (1-1.5µ in diameter) instead of fibres (100-200nm in 
diameter). Spherical “head” of these SiC nails consist of metallic iron together with 
SiC. On oxidation at 1000oC, the metallic iron gets oxidized to Fe2O3 and the spherical 
shape gets destroyed. It appears that Fe2O3 present as an impurity in natural graphite has 
a role to play in the formation of this SiC rod type morphology. This distinctive feature 
is less prominent when pure (97%FC instead of 94%FC) variety of natural graphite is 
used for the synthesis of the composite. 
 As expected, higher is the fibre content of the composite; lower is its tap density. 
Therefore, simple measurement of tap density provides an indication of the extent of 
SiC fibre formation. 
 Heat-treatment of the micro-composite at 1000oC/1hr in the air is sufficient to oxidize 
the graphite part entirely and is quite useful for quantitative determination of the SiC 
content of the composite. Interestingly, there is nearly 1:1 correspondence between the 
silica content of the original mixture and the SiC content of the composite irrespective 
of the heat-treatment temperature and the morphology of the SiC Phase. 
  
            CHAPTER- 4                                                                                                          Result & Discussion  
 
 
 
76 
 
 
 
 
 
 
 
 
 
 
SECTION II 
 
  Investigations carried out at Laboratory Scale- I 
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4.3. Properties of Graphite/SiC microcomposite containing MgO-C samples  
The compressive strength, bulk density and oxidation behaviour of MgO with the micro-
composite has been studied on a laboratory scale. The MgO-C batch compositions are presented 
in Table 3.7 of the experimental section. 
4.3.1. Specific strength of MgO-C samples containing graphite and graphite-SiC micro-
composite 
 The specific strength results of the MgO-C (with the addition of graphite & 
microcomposite) samples are presented in Figure 4.23. In order to get an idea of the room 
temperature mechanical properties, the compressive strength of all the samples mentioned in 
Table 3.7 is measured. Samples are prepared conditions as referred to in section 3.4.1. The 
densities of the samples were measured by Archimedes principle. The bulk densities, values are 
low and varied significantly between the different samples. All the compressive strength data 
have been normalized by dividing the strength data by respective density values and the resultant 
values and referred to as “specific strength”(Specific Strength = Strength/ Density). These results 
have been plotted against the percentage of graphite or the micro-composite added on magnesia.  
 
Figure 4.23: Specific Strength of the sintered samples of MgO-C and MgO-C/SiC composites 
(with both fibre and ribbon morphologies) with different (5, 10 and 15) wt% additives. 
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The following points can be inferred from figure 4.23    
a) The specific strength decreases monotonically with increases in addition to either pure 
graphite or the graphite-SiC composite (both fibre and ribbon morphologies) on MgO. 
b) The strength values are lowest in case of pure graphite addition and highest for the 
addition of the composite with fibre morphology. The samples with a ribbon morphology 
have the intermediate strength values.  
Importantly we can conclude that the graphite-SiC composite with fibre morphology is more 
effective in enhancing the cold crushing strength of the MgO-C compositions due to the better-
reinforcing effect of the SiC fibres. 
 
4.3.2. Effect of the micro-composite on the mechanical properties of sintered MgO-
microcomposite samples  
The sample preparation is similar to the conditions mentioned in section 3.4.1. However, 
the micro-composites were prepared with different ratios of graphite and silica at varying 
temperatures. The conditions of synthesis were as follows: 
a) Microfine silica to graphite was 40/60 and  50/50. 
b) Temperatures of heat-treatment used were 1650oC and 1700oC in CAF 
The magnesia samples were prepared with the addition of 5& 10wt% of the micro-
composites and only graphite (for comparison) to magnesia samples, which is fired at 
1600oC/4hrs in presence of petroleum coke atmosphere in raising hearth furnace. The specific 
strength of these specimens, prepared under different conditions are presented in Figure 4.24. 
 
Figure 4.24: Specific Strength of the MgO-C and MgO-graphite/SiC micro-composite samples. 
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The samples with only graphite possess the lowest strength for both the compositions (5 
and 10wt %). At the same time, the strength decreases as the graphite content increases (from 5 
to 10 wt %). Similarly, strength decreases with increase in the amount of the micro-composite. 
However, the strength increases with increasing SiC content of the microcomposite (from 40 to 
50 wt %) and also with increasing the heat-treatment temperature (from 1650 to 17000C). Both 
these parameters are expected to increase the SiC content of the micro-composite and 
therefore, it may be concluded that SiC content has a direct influence on the CCS of the MgO-
C refractory.  
4.3.3. Weight change during heat-treatment 
The pellets of selected compositions from Table 3.7 was prepared, and their weight 
change measurement was carried out after firing at 1600oC/4hrs. The weight change behavior is 
plotted and presented in Figure 4.25 along with the values tabulated in Table 4.3. 
Table 4.3: Weight change of the samples after heat-treatment at specified temperatures. 
Temperature(oC) % Initial weight (at room temperature) 
MHG MHF MHR 
280 97.38 97.64 99.90 
1500 94.62 103.67 102.0 
1550 -- 100.42 95.24 
1600 -- 95.13 90.60 
 
In figure 4.25, the weight change behavior of three different categories of MgO-C samples is 
plotted. The three different categories are: i) samples with only graphite flakes (without the 
micro-composite); ii) samples with the micro-composite having ribbon type morphology; iii) 
samples with the micro-composite having fiber morphology. It may be further noted that the 
specimens with only graphite flakes (first category) lose their weight continuously till a sintering 
temperature of 1500oC which corresponds to the normal behavior of MgO-C refractories. On the 
other hand both second and third categories of samples, which contain the micro-composite of 
either of the morphologies, lose their weight till 2800C (the tempering temperature).  Secon & 
third category of samples gained weight (2% & 4% respectively) till 1500oC and finally lost 
weight till 1600oC, it is similar to the first category of the samples. 
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Figure 4.25: Weight change behaviour of MgO-C and MgO-graphite/SiC micro-composite 
samples. 
 
 For samples containing only graphite (MHG), the weight loss is initially due to the 
removal of the volatile matters from the resin during the tempering operation. After that, partial 
oxidation of the graphite flakes in the presence of a reducing atmosphere is observed. For 
samples containing the fibrous composite (MHF), the weight-loss is nearly identical with the 
first category of samples till 280oC followed by significant weight gain till 1500oC. Plausible 
reason for this weight gain is the partial oxidation of SiC to form SiO2 according to the following 
reaction [6] 
   SiC + 2O2      =     SiO2   +   CO2 ↑ ------------ (4.4) 
The theoretical weight gain according to this reaction is around 50%. However, actual weight 
changes are much less because the quantity of the added SiC is very less, and the whole of it 
might not have been oxidized. Another point to be noted is that the weight change (both loss and 
gain) for the samples containing the fibre composite (MHF) is relatively greater than that of the 
samples containing the composite with ribbon type morphology (MHR). The weight change 
indicates that the reaction kinetics for the fibre composite is relatively high due to the porous 
structure and higher surface area of composite compared to that of the ribbon type morphology 
in the composite. It may be noted that the overall change in weight for the samples with ribbon 
morphology (MHR), is much less in comparison to those containing only graphite flakes (MHG). 
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From the above observation, it may be concluded that, volatilization of the added resin and 
oxidation of both graphite and silicon carbide, the ribbon type composite has an edge over both 
the fibre type composite and pure graphite. 
4.3.4. Phase Analysis of the Sintered MgO-C Samples 
Phase analysis of the sintered samples with 10wt% of MHR, MHG and MHF added to 
MgO has been analysed by X-ray diffraction. The composite XRD patterns of the samples are 
presented in Figure 4.26. 
 
Figure 4.26: XRD patterns of sintered MHG, MHR and MHF samples (with a 10wt. % addition 
in each case). 
The major phases in all the specimens are MgO and graphite. In addition, all the samples 
contain a small amount of MgO-Al2O3 spinel. The origin of spinel is possibly; some amount of 
alumina might have reacted up from the alumina crucible used during the sintering process. On 
the other hand, the samples containing MHR and MHF indicated the presence of additional 
minor peaks corresponding to β-SiC and forsterite (2MgO.SiO2). Thus, it can be concluded that 
the SiC phase in the micro-composite gets decomposed to form SiO2 during the sintering process 
and reacts with MgO to form the forsterite phase. This has become one of the major problems of 
having SiC phase in MgO-C refractories. 
            CHAPTER- 4                                                                                                          Result & Discussion  
 
 
 
82 
 
Therefore, it is essential to quantify the optimum SiC phase in the micro-composite so as 
to take advantage of the presence of this phase in terms of cold crushing strength, oxidation 
resistance as well as thermal conductivity. The same has been done during the next phase of the 
investigation. 
Conclusion 
a) With the addition of microcomposite, a few properties of the MgO-C samples is 
improved, but a higher amount of microcomposite addition degrades properties like 
corrosion and oxidation. The presence of more SiC is caused by formation of forsterite at 
higher temperature (According to CaO-MgO-SiO2 phase diagram the C/S ratio should not 
exceed 3 vol%). 
b) The SiC content of the micro-composite has to be restricted up to a certain level to limit 
the formation of forsterite at high temperature and thereby deteriorating the slag 
corrosion property of the brick. 
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Pilot Plant Investigations - II 
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4.4. Properties of Commercial Grade MgO-C Bricks for Steel Ladle 
 The prime objective of this section is to understand and evaluate the properties of MgO-C 
prepared from synthetic graphite/SiC composites. A comparison is made between the existing 
properties of microcomposite containing MgO-C bricks and commercially used (pure graphite) 
standard bricks. The different properties of the commercial MgO-C brick are presented in Table 
4.4. For the present condition, three types of MgO-C bricks are selected namely: i) Ladle Metal 
Zone Brick, ii) Ladle Slag Zone Brick and iii) Ladle Bottom Zone Bricks. Initially, different 
grade of bricks were collected from the shop floor and tested at TKRL lab, by ASTM method. 
 Table 4.4: Properties required for MgO-C brick used at different application zones in steel ladle 
 
From the Table 4.4, it is evident that the properties of the bricks are slightly different in 
comparison with various zones of steel ladle. In general, the slag zone bricks possess relatively 
better properties particularly bulk density, CCS (after coking), HMOR and oxidation resistance 
than bricks of the bottom zone and metal zone. The HMOR, oxidation and CCS after coking 
varied in the range 30-40 kg/cm2, 50-60% and 175 – 195 kg/cm2, respectively. 
 The above-mentioned bricks properties are compared with the bricks prepared by using of 
present graphite/SiC microcompositions, which are synthesized either in the controlled 
atmospheric furnace (CAF- laboratory) or tunnel kiln (TK-industrial) conditions. The 
compositions are partly replaced with 1wt% & 3wt%  in place of graphite without changing MgO 
proportion. The particular compositions of the bricks are presented in Table 4.6. 
Application 
Zone 
Tempered Bricks (Before 
Coking 
Coked Bricks 
 (After Coking) 
HMOR 
(kg/cm2) 
Oxidation  
(%  area) 
AP (%) 
BD 
(gm/cc) 
CCS 
(kg/cm2) 
AP 
(%) 
BD 
(gm/cc) 
CCS 
(kg/cm2) 
Ladle metal 
zone brick 
1.91 3.05 420 8.9 2.98 177 29 61.40 
Ladle slag 
zone brick 
2.65 2.98 341 8.4 2.91 192 40 52.51 
Ladle bottom 
zone brick 
2.25 3.04 436 10.1 2.95 180 37 55.81 
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These bricks are labelled according to the variation of composition, firing condition  (10/90, 
20/80, 30/70, 40/60 and 50/50 & CAF, TK. A few microcompositions are prepared by using two 
different grades of graphite (94FC and 97FC); these compositions are labelled as MC31A, 
MC33A and MC31B, MC33B. The different MgO-C brick compositions and their batch codes 
are shown in Table 4.5. 
Table 4.5: Sample codes used in this investigation for MgO-C bricks. 
 
The standard bricks with the mentioned compositions in Table 4.6 are prepared under industrial 
conditions to understand the effects of partial substitution of natural flake graphite by varying 
amounts of Graphite-SiC microcomposite prepared under different conditions (CAF & TK). The 
“MC00” represents that the standard conventional brick (without any addition of the micro-
composite). The rest of bricks were prepared by using microcompositions with different amounts 
replacing by a part of graphite (94FC). 
The mentioned raw material composition after mixing, pressed under a friction screw press were 
subjected to standard heat treatment conditions (tempering).  
 
Controlled Atmospheric Furnace(CAF)  
NIT 
Tunnel Kiln(TK) 
TKRL 
MC00 No composite used MC41TK 40/60(94FC)- 1wt.% addition  
MC11 10/90(94FC)- 1wt.% addition  MC43TK 40/60(94FC)- 3wt.% addition  
MC13 10/90(94FC)- 3wt.% addition  MC51TK 50/50(94FC)- 1wt.% addition  
MC21 20/80(94FC)- 1wt.% addition  MC53TK 50/50(94FC)- 3wt.% addition  
MC23 20/80(94FC)- 3wt.% addition    
MC31A 30/70(94FC)- 1wt.% addition    
MC33A 30/70(94FC)- 3wt.% addition    
MC31B 30/70(97FC)- 1wt.% addition    
MC33B 30/70(97FC)- 3wt.% addition    
MC51 50/50(94FC)- 1wt.% addition    
MC53 50/50(94FC)- 3wt.% addition    
86 
 
Table 4.6: Composition of MgO-C bricks with the addition of different amounts of microcomposite 
 
 
Raw material 
 CAF,  NIT (1650oC/4hrs) TK, TKRL (1680oC/2hrs) 
MC00 
No 
composite 
MC1
1 
10/90 
MC13 
10/90 
MC21  
20/80 
MC23 
20/80 
MC31A 
30/70 
MC33A 
30/70 
MC31B 
30/70 
MC33B 
30/70 
MC51 
50/50 
MC53 
50/50 
MC41 
40/60 
MC43 
40/60 
MC51 
50/50 
MC53 
50/50 
94FC 97FC 94FC 
FMLC97 (4-6) 
(2-4) 
(0-1) 
Dust(200µ) 
10 
40 
27 
12 
10 
40 
27 
12 
10 
40 
27 
12 
10 
40 
27 
12 
10 
40 
27 
12 
10 
40 
27 
12 
10 
40 
27 
12 
10 
40 
27 
12 
10 
40 
27 
12 
10 
40 
27 
12 
10 
40 
27 
12 
10 
40 
27 
12 
10 
40 
27 
12 
10 
40 
27 
12 
10 
40 
27 
12 
Al metal 
powder 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
Graphite 94FC 10 9 7 9 7 9 7 9 7 9 7 9 7 9 7 
Microcomposte
* (C+SiC) 
0 1 3 1 3 1 3 1 3 1 3 1 3 1 3 
Liq. Resin 2.75 2.75 2.75 2.75 2.75 2.75 2.75 2.75 2.75 2.75 2.75 2.75 2.75 2.75 2.75 
Carborose 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
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Different sizes of specimens prepared from the tempered bricks; 150×25×25(mm) for HMOR, 
50Ø × 50 (mm) height are used for CCS, BD, AP, Oxidation test. The schematic representation of 
the following test specimens is shown in Figure 4.27.   
 
 
  
  
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.27: Specimens used in this investigation for different characterization 
150 mm 
25mm 
25 mm 
Specimen (150× 25×25) mm cut from the standard brick used for HMOR test  
Specimen used for AP, BD, CCS, 
Oxidation test 
Specimen used for Slag corrosion test   
25 mm 
35mm 
50 mm 
50 mm 
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4.5. Pilot plant comparative study: Pure graphite versus partial replacement 
of graphite by graphite/SiC microcomposites in MgO-C bricks   
Different compositions including 10wt% pure graphite and their partial replacement by 
synthesized graphite/SiC microcomposites have been used to fabricate MgO-C bricks under 
industrial conditions. The physical, mechanical, thermomechanical, oxidation and slag corrosion 
test of different compositions were studied systematically. The nomenclature of different set of 
bricks are defined as MC00 only 10wt% graphite (without composites); CAF 01 & CAF 03 - 1 
and 3wt% addition of microcomposites (10/90, 20/80 and 30/70) with different weight percentage 
of -SiC. Another set of bricks namely MC 40/50 bricks are prepared with the addition of 1 and 
3wt% microcomposites; made from 40/60 and 50/50 (silica/graphite) either in TK or CAF.  
4.5.1. Physical Properties of MgO-C brick with addition of microcomposite 
(a) Bulk density before coking  
The calculated bulk density (BD) of the magnesia carbon brick is shown in Figure 4.28(a). The 
calculated bulk density of conventional MgO-C brick (without microcomposite) is 3.01gm/cc. 
With the addition of microcomposites, the BD of CAF 01 and CAF 03 set of bricks gradually 
increased. However, the addition of ribbons containing composite (CAF 01, CAF03 set of bricks) 
in MgO-C brick provides additional compatibility and, flowability resulting in better packing 
density and it gives better bulk density.  
 
Figure 4.28(a): Bulk density of the different grades of MgO-C bricks, before coking. 
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From figure 4.28(a), it is observed that the 30/70 microcomposite attains maximum density in both 
1 and 3wt% addition. Moreover, the BD of MgO-C brick increased with the purity of graphite 
used for the preparation of microcomposite. The MC 40/50 set of samples is followed the uncertain 
trend, which may be due to the incompressibility of a higher amount of fiber/ rods containing 
microcomposite causing reduction in density of MgO-C brick. However, further study is required 
in the perspective of the industrial application.     
(b) Bulk density after coking  
 
 
Figure 4.28(b): Bulk density of the different grades of MgO-C bricks after coking at 
1000oC/5hrs. 
The bulk density (BD) of the coked MgO-C bricks at 1000oC/5hrs is shown in Figure 4.28(b). The 
BD of coked MgO-C bricks slightly declined due to the burning out of organic matter and volatile 
matter by the presence of resin in the brick; at a high temperature. In figure 4.28(b), CAF 01 and 
CAF 03 set of bricks followed systematic variation, irrespective of different amount addition of 
microcomposites. Additionally, MC 40/50 set of MgO-C bricks followed an uncertain trend after 
coking. 
(c) Apparent porosity before coking 
The apparent porosity (AP) of the magnesia carbon bricks is shown in Figure 4.29(a). Herein, the 
apparent porosity is measured as minimum as 2.5% for conventional MgO-C brick (without 
microcomposite). The addition of microcomposite on MgO-C brick composition provides better 
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pore filling due to the finer particles attained lesser porosity, but the an additional amount of 
microcomposite tends to decrease in porosity. The apparent porosity of the bricks (CAF 01 and 
CAF 03) decreases with the increasing amount of microcomposite. Minimum apparent porosity is 
obtained by the incorporation of 3 wt%, 30/70 microcomposite. The High degree of apparent 
porosity is observed in the MC 40/50 set of bricks due to fluffy nature caused by the presence of 
enriched SiC fibre/rod in the microcomposite.  
 
 
Figure 4.29(a): Apparent porosity of the different grades of MgO-C bricks, before coking. 
 
(d) Apparent porosity after coking 
The apparent porosity of coked MgO-C bricks are shown in Figure 4.29(b). During coking, the 
resin present in the brick burn out at high temperature, it leads to the formation of micropores 
resulting increases in apparent porosity. MC00 brick has attained the maximum apparent porosity 
(~9.5%). The apparent porosity of the MgO-C brick decreases with increase in the addition of 
microcomposite due to the filling of spaces between coarse refractory particles. A similar trend of 
apparent porosity can be observed in a CAF01 and CAF03 set of bricks. The least apparent porosity 
is observed in the bricks made of 30/70 (SiO2/graphite) micro composite (1 wt% and 3 wt%). The 
MC 40/50 set of (40/60 & 50/50 microcompositions TK and CAF prepared) bricks have more 
porosity due to the presence of more amount of SiC fibers/rods in the microcomposite makes it 
fluffy than other bricks. 
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Figure 4.29(b): Apparent porosity of the different grades of MgO-C bricks, after coking at 
1000oC/5hrs. 
 
4.5.2. Cold Crushing Strength (CCS) 
(a) CCS before coking 
 
Figure 4.30(a): Cold crushing strength of the different grades of MgO-C bricks, before coking. 
The cold crushing strength (CCS) of the MgO-C bricks is shown in Figure 4.30(a). The CCS of 
the standard conventional MC00 brick attains a lower value (~373 Kg/cm2) due to the poor 
mechanical property of graphite. The CCS value of both CAF 01 and CAF 03 set of bricks is 
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gradually increased with the addition of microcomposite. This is because of the presence of                   
-SiC in microcomposite, which gives better packing of particles improving the mechanical 
strength. The bricks prepared with the addition of 1 and 3 wt% of 30/70 microcomposite attains 
higher CCS value of 411 and 444kg/cm2 respectively. The addition of 3wt% of 30/70 
microcomposite enhances the CCS value by 20%. However, the CCS value increased with the 
purity of graphite used (97FC than 94FC) for the preparation of microcomposite. Moreover, the 
MC 40/50 bricks attained better CCS value but it followed an uncertain trend with the variation of 
microcomposites. The CCS value followed the consistent trend up to 3wt% addition of micro 
composite, further addition degrades the mechanical properties. 
(b) CCS after coking  
 
 
Figure 4.30(b): Cold crushing strength of the different grades of MgO-C bricks, after coking at 
1000oC/5hrs. 
The cold crushing strength (CCS) after coking at 1000oC/5hrs of MgO-C bricks is shown in Figure 
4.30(b). There is a decrease in value of CCS due to the breaking of interlocking texture that is 
created by the polymerization of the phenolic resin at a higher temperature. The coked commercial 
MgO-C brick (MC00) attains a maximum CCS value of 150kg/cm2. However, the microcomposite 
containing bricks (CAF 01 and CAF 03) gave better-coked strength due to the presence of SiC. 
The addition of (20/80 & 30/70) microcomposites enhances the coked CCS value by 70-80% in 
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the case of CAF 03 set of bricks.  CCS values decreased with an uncertain trend after coking in 
case of MC 40/50 set of bricks due to the presence of an excess of SiC fiber/rods containing 
microcomposite. 
4.5.3. Hot Modulus of Rupture (HMOR) 
 
 
Figure 4.31: Hot modulus of rupture (HMOR) of different grades of MgO-C bricks, conducted 
at 1400oC/30 min. 
Variation in the hot modulus of rupture (HMOR) of the MgO-C bricks is shown in Figure 4.31. 
The HMOR test is performed at 1400oC/30min in an oxidising atmosphere by varying load. The 
conventional MC00 (without composite addition) brick attained a minimum value of 42.3 Kg/cm2 
due to oxidation of carbon at higher temperatures. However, the HMOR value is gradually 
increased in both CAF 01 and CAF 03 set of bricks by the addition of microcomposite. The bricks 
are containing 30/70 microcomposite attained better HMOR value with the addition of 1 and 
3wt%. The HMOR value is enhanced by 35 - 40% on the addition of 3 wt% of 30/70 
microcomposite. The HMOR value is increased with the purity of graphite used for the preparation 
of microcomposite. The presence of -SiC in the microcomposite give better thermo-mechanical 
strength due to filling with spaces between bigger particles. However, the HMOR results of MC 
40/50 set of bricks decreases with an uncertain trend with the addition of microcomposite, because 
of fluffy nature in the bricks.  The presence of silica beyond 40 % in the microcomposite is 
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responsible for the degradation of thermo-mechanical properties. The optimum value of 
microcomposite addition can be considered as 3 wt% because further addition decreases the 
HMOR value. 
4.5.4. Oxidation Resistance Test 
 
 
 
Figure 4.32: Oxidation resistance of different grades of MgO-C bricks, after oxidation at 
1400oC/5hrs. 
Figure 4.32 depicts the oxidation resistance of various MgO-C bricks. These bricks are prepared 
with the addition of varying amounts of microcomposite in place of graphite. The oxidation of the 
brick is measured after oxidising at 1400oC/5hrs. From figure 4.32, the oxidation of standard brick 
(MC00) takes place up to 75.91% area due to the oxidization of graphite at higher temperatures. 
Improved oxidation resistance is observed in the case of CAF 01 and CAF 03 set of bricks with 
the addition of microcomposite. Better oxidation resistance is attained by the addition of 30/70 
microcomposite with 3wt%. The presence of ß-SiC in the microcomposite reduces the oxidation 
of graphite by decreasing the penetration of oxygen through filling of pores. Thus, the addition of 
3wt% of 30/70 microcomposite is considered as the optimum amount for improving oxidation 
resistance. The oxidation resistance is decreased in the case of MC 40/50 MgO-C bricks owing to 
the incompressibility of the fiber/rods containing microcomposite causing more porosity. 
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The cross-sectional view of different magnesia carbon bricks, after oxidized to 1400oC/5hrs,  are 
shown in Figure 4.33. Its colour clearly separates the oxidized layer (yellow) and unoxidized 
region (black). The standard conventional MC00 (without the addition of microcomposite) brick 
oxidized more due to the presence of excess carbon. Carbon oxidizes at high temperature in the 
oxidizing atmosphere, and the extent of oxidation increases with increasing the carbon content. 
However, the oxidation resistance increases in case of CAF 01, CAF 03 set of bricks with the 
addition of microcomposite. Moreover, MC33A and MC33B shows better oxidation resistance 
with the addition of 3 wt% of (30/70-SiO2/graphite) microcomposite. The oxidation resistance of 
MgO-C bricks (MC 40/50) decreased, beyond the 40/60 (SiO2/graphite) microcomposite 
composition.   
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Oxidized MgO-C sample 
 
 
MC00 
MC13 
MC21 MC31
A 
MC31B MC23 
MC33A MC33B MC41TK
 
MC43TK MC51 MC53 
MC11 
Figure 4.33: Photographs of the cut cross sections of the oxidized samples  
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4.5.5. Slag corrosion test: 
In commercial steel making furnaces, slag attacks on refractories phenomenon involve not only 
chemical wear (corrosion), but also physical/ mechanical wear (erosion/ abrasion) that act in an 
interactive manner. The refractories are chemically attacked by liquid slag emphasizing both 
penetration and reaction of slag by dissolution. The penetration rate of slag can be measured by 
poiseulle’s law which, even though ignoring much of the influence on the microstructure of the 
refractories, does include the effect of slag viscosity indirectly includes the temperature. The slag 
penetration can be suppressed by increasing slag viscosity (contact angle) by decreasing the 
surface tension. The slag corrosion resistance of MgO-C refractory reduces with the rise of 
temperature and the content of FeO/MnO in melting slag, and also reduces with the decrease of 
alkalinity [7, 8]. Improving the working life of MgO-C refractory has become the focus of 
researchers in recent years. Much effort has been made to improve the performance of MgO-C 
refractories. 
The slag resistance test was carried out by static crucible method shown in Figure 4.34.  In the 
beginning, we collected the “TATA Steels LD2 converter” slag analysed and prepared the 
synthetic slag according to their composition for maintaining the consistent slag chemistry (Table 
3.8). The slag test is performed at 1600oC/5hrs in an oxidising atmosphere. The cross-sectional 
view of slag corroded MgO-C bricks (with and without microcomposite addition) is shown in 
figure 4.34. Incorporation of different amounts of microcomposite is used to study the slag 
corrosion mechanism. The effect of microcomposite in the brick is more prominent because it 
contains fine ß-SiC particles which seal the pores.  Hence, the slag corrosion resistance is improved 
by preventing its infiltration.  Better corrosion resistance is observed in the bricks (MC13, MC23, 
MC33A, and MC33B) containing 3 wt % microcomposite. 
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Slag corrosion tested samples 
 
 
 
MC00 
MC11 MC13 MC21 
MC23 MC31A MC33A 
MC31B MC33B 
Figure 4.34: Photographs of the cross sectional view of samples after static slag test 
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Figure 4.35 shows the schematic representation of probable slag corrosion mechanism during brick 
slag interaction. The carbon present in the MgO-C brick plays a vital role in improving slag 
corrosion resistance. Benefits of carbon include its non-wettability by slag and its high thermal 
conductivity that facilitates the use of cooling systems and improves thermal shock resistance [9].  
Here, the carbon is used in two forms; a) Flake graphite as an aggregate form b) Resin binders 
(pitch or resin) used as binder for matrix formation & for reducing porosity, which prevent slag 
penetration. The poor oxidation resistance of carbon causes micropores in the brick structure when 
it interacts with the atmospheric oxygen during BOF operation. Dissolution of the brick occurs 
due to the penetration of liquid slag/metal through the micropores as shown in Figure 4.35(b) &(c)  
 
 
(a) (b) 
 
 
 
 
 
 
 
 
 
(c) 
 
Figure 4.35: Slag corrosion mechanism of graphite containing MgO-C brick. 
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The Figure 4.36 shows that, the slag corrosion mechanism of Graphite/SiC microcomposite 
containing MgO-C brick. Antioxidants are used to improve the oxidation resistance of MgO-C 
bricks. The presence of more carbon is not desirable in a refractory due to its poor oxidation 
resistance. In the current exertion, a proportion of graphite is replaced with graphite/SiC 
microcomposite to enhance the life of the brick by improving its oxidation and corrosion 
resistance. The microcomposite acts as CO reducing agent contributing to carbon oxidation 
inhibition and developing hot strength by forming high temperature ceramic bonds. The non-oxide 
ceramic additives, on other hand, block the open pores to reduce the oxidation of the carbon. As a 
result of this, corrosion resistance and hot strength of the brick is improved [10, 11]. This detailed 
description is schematically shown in Figure 4.36(b) & (c). 
(a) (b) 
 
 
 
 
 
 
 
 
 (c) 
 
Figure 4.36: Slag corrosion mechanism of microcomposite containing MgO-C brick  
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4.6. Comparing properties of commercial ß-SiC containing MgO-C brick with 
commercial brick and microcomposite containing magnesia carbon 
refractories.   
In being Figure 4.37 compared the properties of three different types of MgO-C bricks (MC00, 
MCCS and MC33A).  Here, MC00 brick is prepared with pure graphite (standard commercial 
composition as mentioned in Table 4.6). The MCCS and MC33A bricks were made by the 
addition of commercially available free ß-SiC with the addition of 1wt% as well as by addition 
of 30/70 (silica/ graphite) microcomposite with 3wt%, respectively. The microcomposite 
consists of 30wt% of SiC and rest as graphite. Here, 94FC based graphite was used for both 
microcomposites preparation and brick fabrication. 
4.6.1. Bulk Density (BD) 
The bulk density of the three different types of MgO-C bricks (MC00, MCCS and MC33A) 
before and after coking is plotted in Figure 4.37. The standard conventional MgO-C brick 
(MC00) attained a BD of 3.01gm/cc. Moreover, the slight increment of BD is observed for 
MCCS brick with the addition of ß-SiC, but a high value of BD is measured for MC33A brick 
in the presence of the 3wt% addition of microcomposite. The MCCS brick achieved less density 
after coking at 1000oC/5hrs due to the increased porosity level and decreased density values 
associated with the increased bulk volume of the sample in the presence of ß-SiC. 
  
Figure 4.37: BD of the three different types of MgO-C refractories before and after coking 
3.01 3.017
3.09
2.95
2.896
2.974
2.75
2.8
2.85
2.9
2.95
3
3.05
3.1
3.15
MC00 MCCS MC33A
Bulk Density (gm/cc)
BD BeforeCoking BD After coking
       
 
 
102 
 
      CHAPTER- 4                                                                                                          Result & Discussion 
4.6.2. Apparent Porosity (AP) 
The variation in the apparent porosity of different kinds of MgO-C bricks before and after coking 
is plotted in Figure 4.38. Before coking, apparent porosity of MC00 and MC33A bricks is 2.5% 
and 1.9% respectively. Higher apparent porosity can be observed in MCCS brick due to the 
incompressibility of the -SiC. The porosity is slightly increased after coking at 1000oC/5hrs 
because of the removal of organic and volatile matter.   
 
Figure 4.38: AP of the three different types of MgO-C bricks before and after coking. 
 
4.6.3. Cold crushing strength (CCS) 
 
Figure 4.39: CCS of the three different types of MgO-C bricks before and after coking. 
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Before and after coking, the cold crushing strength (CCS) of the three different types of bricks 
are shown in Figure 4.39. The CCS of MC00 (standard commercial) brick attained a value of 
373kg/cm2. Moreover, CCS value increased with the addition of commercial -SiC and 
graphite/SiC microcomposite. But, the graphite/SiC containing (MC33A) brick achieved higher 
strength due to the compressibility and flowability of the composite. After coking the CCS is 
lowered, because of breaking of the organic bonds between the particles which are formed by 
resin.  The lowest CCS value is observed in the MCCS brick due to higher porosity caused by 
the addition of commercial -SiC. 
4.6.4. Hot Modulus of Rupture (HMOR) 
 
Figure 4.40: Hot modulus of rupture of the three different types of MgO-C refractories after 
1400oC/30 min. 
In particular, for every refractory system such as MgO–C brick, the hot modulus of rupture is an 
important property. HMOR results of the three different types of MgO-C bricks are shown in 
Figure 4.40.  The commercial (MC00) brick attained an HMOR value of 42.3 kg/cm2. However, 
the brick with the addition of microcomposite has higher HMOR value. Incorporation of 
microcomposite reduces the residual porosity, which in turn enhances the oxidation resistance, 
resulting in higher HMOR value.  But MCCS brick attained poor HMOR value due to the 
addition of commercial ß-SiC. However, the addition of ß-SiC causes the brick more porous by 
oxidation of graphite at higher temperatures, ensuring lower HMOR value.   
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4.6.5. Oxidation resistance 
The oxidised area of the different types of magnesia carbon refractories, after oxidation at 
1000oC/5hrs, is shown in Figure 4.41. MC33A brick has greater oxidation resistance in contrast 
to MC00 and MCCS bricks.  This is due to deposition of SiC on the graphite flakes, which 
enhances the oxidation resistance. 
 
Figure 4.41: Oxidation resistance of the three different types of MgO-C refractories after 
oxidizing at 1000oC/5hrs. 
The Figure 4.42 shows the cross-sectional view of the oxidised bricks after oxidation test.  Its 
colour clearly separates the oxidized layer (yellow) and unoxidized region (black). The thickness 
of the oxidized layer is more in case of MC00 and MCSS bricks due to the exhaustion of a large 
amount of graphite. However, the MC33A brick possesses the thinnest oxidised layer and the 
brick cross-section has the smoothest surface. The cross-sectional surface of the MCCS brick 
appears as rough due to oxidation of graphite. 
 
Figure 4.42: Photographs of the cut cross sections of the oxidized MgO-C bricks 
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Conclusion 
Both laboratory investigation in small scale and industrial experiments on relatively large scale 
confirm the beneficial effects of addition of the micro-composite to the MgO-C brick composition 
replacing a part of flake graphite. 
 There is a consistent improvement in most of the physical properties of the MgO-C 
particularly up to an addition of 3wt% micro-composite prepared from 30/70 ratio of 
SiO2/Graphite. However, for higher percentages of silica (40 and 50wt%) the results are 
not so consistent possibly due to the presence of unreacted silica (cristobalite) and also due 
to formation of SiC fiber instead of more compact ribbons. 
 Lowest AP (1.9%) was observed for the addition of 3wt% composite prepared from a 
precursor ratio of 30/70. 
 Improvement in the purity of the flake graphite (97FC compared to 94FC) results in 
enhancement of all the properties. Lowest porosity, highest CCS and HMOR together with 
best oxidation resistance have been obtained when 3wt% of the composite prepared from 
97FC graphite (30/70 ratios) is added. 
 The addition of 3wt% composite prepared from 30/70 silica-graphite ratio enhances the 
HMOR of the bricks by 35%. This value becomes 45% with the better quality of graphite 
used for the preparation of the composite (97FC). 
 Industrial level experiments have definitely demonstrated that the addition of the micro-
composite in the appropriate amount leads to 20% enhancement of the CCS value and 
around 55% reduction in oxidation property of the bricks.  
 The MgO-C brick properties are degrading with the addition of 1wt% commercial free ß-
SiC compared to the addition of 3wt% microcomposites in which in-situ developed ß-SiC 
is near to 30wt%. 
 However, SiC content of the micro-composite has to be restricted up to a certain level to 
restrict the formation of forsterite at high temperature and thereby deterioration of the slag 
corrosion property of the brick. The exact limit is still to be determined. Nonetheless as per 
the current status of the investigation, overall SiC content of the brick may have to be 
limited to ~3wt%. 
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Future work  
An extensive study on the synthesis of graphite/SiC microcomposites and their utility to improve 
the MgO-C refractory properties has opened up a tremendous scope for further research. However, 
several important and the following information are needed to deliver for the commercial viability 
in future. 
 Estimation of thermal conductivity of the developed bricks and their correlation with 
corrosion behaviour with respect to time.  
 Estimation of the dynamic slag corrosion test and understand their mechanism through 
microstructural and phase studies. 
 Fabrication of an appreciable number of bricks from proposed composites, and compare 
their performance in steel ladle (minimum two layers in slag zone) with respect to existence 
MgO-C brick composition. 
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